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The recent experiments of Stern and Melnick (1, 2), by the photochemical 
method, have adduced evidence of the existence of a Pasteur enzyme in 
retina, yeast, and heart muscle. This they define as the heavy metal-con- 
taining thermolabile agent which catalyzes the inhibition of fermentation 
(or glycolysis) by molecular oxygen, a phenomenon known as the Pasteur 
reaction. The spectral characteristics of the enzyme in the three tissues 
studied are not identical, and Stern (3) has pointed out that there may be a 
number of Pasteur enzymes, each characterized by a specific affinity for 
oxygen. In each tissue, the spectrum of the Pasteur enzyme closely re- 
sembles that of the respiratory enzyme but differs in certain details. 

Since bone marrow is one of the few mammalian tissues which responds 
to lowered oxygen tension by increased activity, Warren (4) studied its 
respiration and glycolysis at lowered oxygen tensions with the idea of de- 
termining whether or not it is necessary to postulate the existence of a 
Pasteur enzyme in this tissue in order to account for its physiological be- 
havior. It was found that as respiration was decreased by lowering the 
oxygen tension glycolysis increased in a reciprocal manner, implying that if 
a Pasteur enzyme is present it has the same affinity for oxygen as the 
respiratory enzyme (cf. (3) p.100). However, he pointed out that under his 
experimental conditions, as well as in most manometric experiments, res- 
piration and glycolysis were undoubtedly influenced by diffusion and 
solubility factors as well as by the level of the oxygen tension. The present 
paper is an extension of these studies in which, by using carbon monoxide 
rather than oxygen tension as the variable, changes in respiration and 
glycolysis are obtained at partial pressures high enough to exclude effects 

due to diffusion and solubility factors. 


Methods 


Suspensions of cells of rabbit bone marrow in neutralized serum were pre- 
pared as previously described (4). Carbon monoxide-oxygen mixtures were 


7 obtained by filling a bottle with CO, reducing the pressure by a known 


* A preliminary report of these experiments has appeared (Fed. Proc., 2, 6 (1943)). 
This study was aided by a grant from the John and Mary R. Markle Foundation. 
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amount, and then admitting oxygen until atmospheric pressure was again 
obtained. The accuracy of this method was found to be entirely satis- 
factory (within +0.5 per cent) when the gas mixtures were analyzed for 
oxygen by the dropping mercury electrode method (5). The cell sus- 
pensions were placed in small Warburg vessels and equilibrated with the 
CO-O, mixtures while being shaken in the constant temperature bath at 
38°. 3 liters of each gas mixture were run through the vessels over a period 
of 10 to 15 minutes. Control vessels containing serum without cells were 
included in order to correct for any pressure changes due to CO being ab- 
sorbed by the alkali in the center wells. Respiration was measured mano- 
metrically in the usual way; lactic acid formation was measured chemically 
by the method of Barker and Summerson (6). In each experiment, respira- 
tion and glycolysis were also measured in 100 per cent O2, and anaerobic 
glycolysis (the same in 100 per cent CO and 100 per cent N2) was de- 
termined chemically. Duplicate samples of the suspensions were incubated 
in each gas mixture, usually for 3 hours, and duplicate lactic acid analyses. 
were made on each of thesamples. The accuracy of the determinations and 
the method of calculating the results are the same as previously described 
(4). In order to obtain hyperplastic marrows satisfactory for preparing 
cell suspensions, most of the animals were bled several times before being 
sacrificed; accordingly, erythroid cells predominated in the suspensions. 


Results 


The results of thirteen experiments are summarized and shown graphi- 
cally in Fig. 1, in which the results at each partial pressure of CO are av- 
eraged. The smooth Curve A is drawn by inspection through the points 
representing per cent decrease in respiration. It is of interest that the 
shape of this curve closely resembles that describing the changes in respira- 
tion of yeast suspensions in various CO-O, mixtures reported by Winzler 
(7). Curve B, taken from the earlier publication (4), shows the per cent 
decrease in respiration produced at lowered oxygen tensions. It is clear 
that the sensitivity of the marrow cells to the effects of carbon monoxide 
permits most of the measurements to be made at gas tensions at which 
diffusion cannot be a limiting factor. 

The per cent increase in glycolysis is indicated in Fig. 1. The spread of 
these data is greater than that for changes in respiration, probably because 
of the difficulty of measuring accurately relatively small changes in lactic 
acid production in the presence of considerable amounts of lactic acid in the 
serum. The accuracy of the lactic acid analyses under these conditions is 
within +5 per cent, but, at the extremes of the curve, the error in per cent 
change in glycolysis so introduced is about +10 per cent. Accordingly, 
most of the measurements were made in the intermediate zone and it is sig- 
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nificant that the average figure of four determinations at 92 per cent CO is 
one of the points falling most nearly on the curve. It appears, in fact, that 
the per cent increase in glycolysis does not differ significantly from the 
per cent decrease in respiration, or in other words that the two changes are 
reciprocally related. 
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Fic. 1. Respiration and glycolysis of bone marrow suspensions in various CO-O, 
mixtures. Curve A, circles indicate per cent decrease in respiration; crosses, per cent 
increase in glycolysis. Curve B, per cent decrease in respiration at low oxygen ten- 
sions (cf. (4)). 


DISCUSSION 


The reciprocal relationship between the changes in respiration and 
glycolysis described above implies that, if a Pasteur enzyme is present in 
rabbit bone marrow, it has the same affinity for CO as the respiratory 
enzyme. But it has already been shown (4) that these two enzymes have 
the same affinity for oxygen. Rather than postulate the existence of two 
enzymes, both having the same affinities for oxygen and CO, it seems pref- 
erable to interpret the results as being due to the effects of oxygen lack or 
CO on a single (respiratory) enzyme. In the light of this evidence, the 
existence of an independent Pasteur enzyme in bone marrow seems ex- 
tremely doubtful. 

Recently, Craig and Beecher have found a reciprocal relationship between 
the changes in respiration and glycolysis at low oxygen tensions in brain 
cortex (8) and rat retina in phosphate medium (9). In bicarbonate me- 
dium, the changes in respiration and glycolysis of retina were not reciprocal, 
confirming Laser (10). In bone marrow, the nature of the medium does not 
complicate the situation, for the reciprocal relationship is found in serum 
with or without bicarbonate (4). We concur with the conclusion of Craig 
and Beecher that oxygen tension may act on respiration and glycolysis 
through the mediation of a common agent. 
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SUMMARY 


1. The exposure of suspensions of rabbit bone marrow cells to high ten- 
sions of carbon monoxide results in a decrease in the rate of respiration ac- 
companied by a reciprocal increase in glycolysis. 

2. These results offer no support for the existence of a Pasteur enzyme in 
this tissue. 
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In a previous report of this series (7) we have demonstrated the quanti- 
tative accumulations of wet weight, nitrogen, and dipeptidase by the 
developing chick embryo. The present communication concerns amino- 
peptidase and includes comments on the choice of substrate, glycylglycyl- 
d-alanine, its synthesis, the properties of the chick embryo enzyme, and 
quantitative data on its accumulation during development. 

Choice of Substrate—For the quantitative investigation of an enzyme in a 
tissue extract it is desirable to use a substrate which is subject to a single 
well defined action in the presence of the multiple enzymes of the extract. 
The results, then, are more certain than otherwise to give an adequate repre- 
sentation of a single function. Processes intended to inactivate other en- 
zymes or isolate the enzyme partially or completely from others are open 
to the suspicion that the desired enzyme is also partially inactivated, in- 
completely isolated or recovered, or removed from essential activators. A 
properly selected substrate for our purpose should be specific to the enzyme 
and should be as closely related to the expected natural substrates as 
possible. 

A substrate which fulfils these requirements with respect to aminopepti- 
dase in chick embryo extracts is glycylglycyl-d-alanine. It is hydrolyzed to 
glycine and glycyl-d-alanine and the latter is not at all, or only slowly, acted 
upon by chick embryo extracts. The tripeptide differs from a possible 
natural substrate in the configuration of the alanine residue only. 

Action of Chick Embryo Extract on Glycylglycyl-d-alanine—The hydrolysis 
of the peptide bond between the two glycy] residues is demonstrated by the 
following experiment. A 30 per cent glycerol extract of chick embryo was 
prepared and mixed with 7 c.mm. of substrate solutions at pH 8.4 containing 
0.1 m glycylglycyl-d-alanine (Substrate A), 0.1 m glycyl-d-alanine and 0.1 
M glycine (Substrate B), or 0.1 m glycylglycine and 0.1 m d(—)-alanine 
(Substrate C). At intervals, samples were taken and titrated as described 
below with the results shown in TableI. It is evident that glycylglycine is 


* Aided by a grant from the Ella Sachs Plotz Foundation. 
t Present address, Department of Agricultural Biochemistry, Pennsylvania State 
College, State College, Pennsylvania. 
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rapidly hydrolyzed, that glycylglycyl-d-alanine is more slowly hydrolyzed at 
one peptide link only, and that glycyl-d-alanine is practically not hydro- 
lyzed. The possible products of hydrolysis at one bond of the tripeptide 
are contained initially in Substrates B and C. If Substrate C contained 
the products, then both peptide bonds should have been hydrolyzed in Sub- 
strate A. Since only one bond was hydrolyzed, the mixture in Substrate B 
is the same as the end-products of hydrolysis of Substrate A. Thus, the 
activity is properly defined as that of an aminopeptidase. 

Optimum pH—Substrates containing phosphate buffers and varying in 
pH were prepared and the extent of hydrolysis over a fixed period was 
measured. The optimum pH was found to be 8.4 in phosphate buffers and 
then confirmed with simple mixtures of substrate and NaOH. The sub- 
strate used in subsequent work was, therefore, a solution of 0.1 Mm glycyl- 


Tasie I 
Position of Hydrolysis of Glycylglycyl-d-alanine by Chick Embryo Extract 
Temperature 30°; pH 8.4. 





Per cent hydrolysis of 1 group after 














Substrate a —E 
| 2hrs. | 4hrs. {| 2hrs. | 48 brs. 
A. Glycylglycyl-d-alanine.................. 23 42 | 92 101 
B. Glycyl-d-alanine and glycine........... 0 0 | 2 5 
C. Glyeylglycine and d(—)-alanine........ 92 98 | 100 | 101 








glycyl-d-alanine in 0.07 n NaOH. The substrate and products of hy- 
drolysis acted as sufficient buffer for our purposes. 

Measurement of Activity of Extracts—It was found that the rate of hy- 
drolysis could not be expressed by any simple kinetic equation, and we 
therefore resorted to the device which proved useful in our studies of dipep- 
tidase. A single concentrated extract was prepared and its activity de- 
termined at a series of dilutions. The activities were determined by mixing 
8.1 e.mm. of diluted extract with 7.0 c.mm. of substrate solution containing 
0.1 mM glycylglycy!-d-alanine and 0.07 N NaOH, incubating at 30° for 3 hours, 
stopping the action by adding 1.2 micromoles of HC] in alcohol, and titrat- 
ing the mixture in acetone with 0.046 N alcoholic HCl, naphthyl red being 
used as indicator (9). The extent of hydrolysis is measured by the in- 
creased HC] used over a blank to which alcoholic HCl was added at zero 
time. The extract was diluted with 20 per cent glycerol in order to make 
the diluted extract comparable to those ordinarily prepared. The standard 
curve is shown in Fig. 1 along with the experimental points used in estab- 
lishing it. The validity of this curve as a measure of relative quantities of 
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enzyme has been checked a number of times by estimating the enzyme in a 
given extract at two or more dilutions. 

A unit of aminopeptidase exhibits the activity shown by 1 c.mm. of the 
standard extract under the conditions specified. The same standard 
curve was used throughout. 

Preparation of Extracts—The incubation practice and isolation technique 
have been previously described. Except for the use of a ratio of 1:4 for 
weight of embryo to volume of extract, the extracts were prepared as for the 
dipeptidase estimations (12). 

Accumulation Data—Determinations were made on embryos at from 1.5 
to 18 days incubation. For the smallest embryos it was necessary to 
combine several embryos to make an adequate amount of extract. About 
250 individual embryos were used. 


























: ll 

& > 
| 

6 
IS 

4to- 4 
E 

2) — 

ol ° Units of Aminopeptiidase. 

0 l 2 *) 4 5 6 7 8 


Fic. 1. Standardization curve for aminopeptidase. Substrate, glycylglycyl-d- 
alanine. Temperature 30°. The unit contained in 1 c.mm. of standard extract. 


Estimation of Incubation Age—Although it is feasible to record the actual 
times of incubation of all the embryos used, certain considerations lead us to 
adopt a calculated incubation age (A.) as the basis for analysis of the data. 
There is considerable variation in the weights of embryos of the same incu- 
bation age, which may be attributed to variations in the extent of ‘“‘body 
heating,” slight variations of incubation conditions, and to “‘biological”’ 
variability. The actual state of development of a given embryo is, we be- 
lieve, more reliably indicated by its weight than by the time which it has 
been in the incubator. Therefore, the ages of the embryos are calculated 
from their weights. 

The data, consisting of a series of weights of embryos in mg. with the cor- 
responding series of estimations of aminopeptidase in units per mg., were 
arranged in the order of the weights. The series was then divided into equal 
groups (eight embryos each), the group averages calculated, and the age 
corresponding to the average group weight (W) calculated with the weight 
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accumulation equations developed from previously reported weighings of 
many embryos. The equations used were 


log A, = 0.215 + 0.192 log W 
for P{'33. and 

log Ac = 0.009 + 0.286 log W 
for Piss). The superscripts and subscripts of P indicate the beginning and 
end, respectively, of the period in incubation days for which the equations 


are valid. Enclosure of the superscript or subscript in parentheses indi- 
cates the age limit of the data available. 
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Fie. 2. Relative accumulation diagrams for aminopeptidase (Curve A), dipep- 
tidase (Curve B), and N (Curve C). The dash lines indicate interphases and are 
uncertain. U ,prepresents the number of units of aminopeptidase as defined in the 
text and Upp the number of units of dipeptidase as defined by Levy and Palmer (7). 


The parameters of these equations were derived from the data reported 
by us (7) for eggs of the same breed and source as those used for the present 
work. The parameters were determined by fitting the appropriate data by 
the least squares method and so differ slightly from those calculated from 
the phase data given by Levy and Palmer (7) in which the fitting was done 
with a straight edge on large scale plots. 

The calculation of the age from the weight eliminates some of the vari- 
ability occurring between embryos of the same incubation time and s0 
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reduces the number of embryos which must be examined to establish the 
parameters of the growth equations and the interphase times. 

Interphases and Parameters of Accumulation—The slopes observed in a 
plot of log Q (Q represents the quantity of any considered material) against 
log A (the age in days) are large, and some uncertainty results in the 
measurement of the slopes (ag) and intercepts (7g) because it is inconvenient 
to have the two axes with equal scalar values. By subtracting the equations 
for weight, log W = iw + aw log A from the general equation for any other 
quantity Q, log Q = tg + ag log A, we obtain log Q/W = (tg — tw) + 






























































Tase II 
Parameters of Phase Equations 
Aminopeptidase 
Interphase times, 
days (1.5) 19 2.6 4.3 6.6 11.9 14.5 (18) 
4.9 | 10.7 5.0 | 36| 40/| 6.4 2.9 
ig-- 0.9 —2.9 —1.0 —0.1 | —0.3 | —2.9 —1.1 
od Dipeptidase 
Interphase times, | 
days (1.5) 3.6 4.3 9.6 14.8 (18) 
er 4.3 5.2 3.45 | 2.9 > 
Sa 1.2 | 1.8 2.9 | 2.4 | 
ai ao  Nitegen 
Interphase times, | 
days. ican OM 2.4 43 11.5 16.2 (18) 
09. | 4.2 ey eye tregg ; 
rr —2.9 | —3.0 —2.5 {| —4.8 | 








The figures in parentheses indicate the ages of the youngest and oldest embryos 
studied, rather than interphase times. 


(ag — aw) log A, which does not have this inconvenience. In order to 
estimate 7, and ag (7 and aw being known) we plot log Q/W;; 2.e., log con- 
centration against log A. This plot is called a relative accumulation dia- 
gram and is shown in Fig. 2 for aminopeptidase (Curve A), for dipeptidase 


(Curve B), and for nitrogen (Curve C). The data for the latter two have 


been previously reported, but have now been grouped and treated as indi- 
cated above for aminopeptidase. The new values for the interphases and 
phase parameters are given in Table II. 


DISCUSSION 


Needham (11) has shown that data on chemical growth of organisms can 
exhibit the heterogonic relations of Huxley (6). That is, if y represents the 
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amount of a particular chemical entity and x the amount of the “chemical 
totality” at the same time, then y = bz* or log y = logb + k logz. By 
plotting log y against log x, a straight line is expected and in general ob- 
tained. From these lines the parameters log b and k may be read as the 
intercepts and slopes respectively. Although Needham doubts the possible 
physical significance of the relations on the basis of the dimensional char- 
acteristics of the equation, he uses the equation to demonstrate certain 
similarities between the heterogonic chemical growths of different animals. 
Lumer (10) adequately discussed Needham’s doubts and showed that the 
heterogonic equation is dimensionally valid. We have shown (7) the rela- 
tionship between the heterogonic equation and our accumulation equation 
relating age (A) and chemical entity (Q). A more general consideration of 
the same problem, 2.e. relationship of heterogony to functions of time, is 
given by Waddington (13). Needham used the wet or dry weight as a base 
for his log-log plots which demonstrate the validity of the heterogonic rela- 
tions. The wet and dry weights themselves are similarly related. In so 
far as our accumulation equation is a valid representation of the relation of 
time to wet weight, we may then conclude that all of the chemical entities 
are functions of time of the same type as represented in the general accumu- 
lation equation, log Q = ig + ag log A. The physical meaning for this 
equation is that the multiplication rate is constant on a logarithmic time 
scale. 

The several methods which have been used in plotting growth data and 
the corresponding equations have one characteristic in common. All are 
terminated abruptly at some time when the constants must be adjusted and 
the growth then continues with the same form of relation but with new 
parameters. We have designated these times as “interphases,” and the 
periods during which the parameters do not change ‘“‘phases.’’ Glaser (5), 
using a related but somewhat different equation, called the periods of con- 
stancy “‘stanzas’’ of growth. Brody (4) also considers discontinuities as 
characteristic of embryonic growth of organisms when shown on the semilog 
plot he prefers. 

Our use of the log-log relationship in preference to others is based princi- 
pally on convenience. The phases shown on the plots are properly em- 


phasized, we believe, as periods during which the parameters, in a true. 


mathematical formulation of the laws of growth, are not changing. The 
interphases are indicative of changes in the actual parameters of growth as 
well as in our present, probably pseudo, parameters. Our equation is 
versatile in that more or less long regions may approximate, closely enough, 
data which actually follow quite other relations. 

Discontinuities of growth are newly demonstrated in the aminopeptidase 
data. They have been recently shown for cytochrome oxidase by Albaum 
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and Worley (1). It seems evident that the discontinuities are not simul- 
taneous for different chemical entities. Simultaneity is hardly to be ex- 
pected in a differentiating organism, because all the accumulating cells do 
not have fixed relative compositions. The picture is dominated for each 
entity by those cells in which it is most rapidly accumulating and which 
contain a major fraction of the total quantity present. Thus, the rapid 
accumulation of aminopeptidase between 1.9 and 2.6 days is probably pro- 
duced by a specific group of cells whose rapid increase in this period makes 
itself felt in the accumulation of aminopeptidase. The group does not, 
however, contribute sufficiently large fractions of the dipeptidase, wet 
weight, or nitrogen to influence these accumulation diagrams. The less 
widely distributed among the generality of cells a particular chemical entity 
is, the more specific its accumulation diagram must be. The specific cells 
will dominate the situation over a longer period on the diagram for its char- 
acteristic components. 

The function of aminopeptidase in the developing embryo is probably 
related to protein synthesis. Possible functions may be the degradation of 
unsuitable peptides arising from egg proteins, or participation as a catalyst 
in the coupled reactions which lead to protein synthesis. 

Synthesis of Glycylglycyl-d-alanine—The methods used are modifications 
of the Bergmann and Zervas (3) methods. Carbobenzoxyglycylglycyl- 
azide was coupled with d(—)-alanine (8) and the product hydrogenated. 

Carbobenzoxyglycylglycylhydrazide—Carbobenzoxyglycylglycine (3) (20 
gm.) was suspended in 100 ml. of absolute ethy! alcohol and an ether solu- 
tion of diazomethane prepared from 25 gm. of nitrosomethylurea (2) added 
with cooling and shaking. After an hour the solution was still yellow and 
some undissolved material remained, although most of the carbobenzoxy- 
glycylglycine had been esterified and dissolved. The solution was distilled 
in vacuo to remove the excess diazomethane and most of the ether. To the 
residual alcoholic solution 10 gm. of hydrazine hydrate were added and the 
mixture allowed to stand at room temperature for 18 hours. The solution 
was then diluted with 400 ml. of water, and after being cooled to 5°, the pre- 
cipitate was removed and recrystallized from hot water. The material 
formed leaflets melting at 165°. The yield was 67 to 76 per cent. 

Carbobenzoxyglycylglycyl-d-alanine—The hydrazide was converted to the 
azide by suspending 10.9 gm. in 100 ml. of H,O, adding 15 ml. of glacial 
acetic acid and 6 ml. of concentrated HCl, cooling to 0°, and adding, while 
shaking, during 2 to 3 minutes, a solution of 3.5 gm. of NaNO, in 20 ml. of 
water. A copious white precipitate of azide formed at once. It was filtered 
and washed with cold water, pressed as dry as possible, with a rubber dam, 
and used immediately for the next step. The azide was added to a mechan- 
ieally stirred iced solution of 40 mm of d-alanine in 20 ml. of 2N NaOH in 
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five portions at short intervals along with portions of 2 nN NaOH sufficient 
to keep the solution alkaline to phenolphthalein (used as an outside in- 
dicator). After being removed from the ice bath, the mixture was stirred 
for an hour and the alkaline solution filtered. It was then acidified to 
Congo red with concentrated HC] and cooled to 5°. The precipitate was 
recrystallized by dissolving in 100 ml. of boiling absolute alcohol to which 
200 ml. of hot water were added. After standing overnight at 5°, 7.2 gm. 
(55 per cent) of fine needles were collected which melted at 191-192°, 
These had a titration equivalent of 339 (theory 337) toward NaOH and 
phenolphthalein. For the estimation of optical activity, the substance was 
dissolved in an exact equivalent of NaOH solution. [a]? = +10.1°. 
Carbobenzoxyglycylglycyl-di-alanine prepared in a similar manner melted 
at 184—185°. 

Glycylglycyl-d-alanine—The carbobenzoxyglycylglycylalanine was _hy- 
drogenated with a Pd catalyst, according to Bergmann and Zervas (3). 
The product was recrystallized several times by dissolving in minimal 
quantities of hot water and adding alcohol. The yield was 78 per cent of 
theory. The formol titration equivalent was 201.5 (theory 203). [a]” 
= +35.6° in water. pK, of the peptide was found to be 8.04 by a quin- 
hydrone electrode system. 


SUMMARY 


A tripeptide, glycylglycyi-d-alanine, in which the carboxyl group is 
carried by the residue of an unnatural amino acid is shown to be hydrolyzed 
by chick embryo extract from the aminoend only. Its hydrolysis is used to 
estimate the aminopeptidase contents of crude whole chick embryo extracts. 

The accumulation of aminopeptidase during development of the chick 
embryo is demonstrated. Certain modifications in the method of plotting 
growth data are used, particularly the grouping of data by weights of em- 
bryos from which the age is calculated and the use of a relative accumulation 
diagram on which the logarithm of concentration per unit wet weight is 
plotted against the logarithm of calculated age. These offer certain con- 
veniences and consistencies not otherwise available. , 

The accumulation of aminopeptidase, like that of all other enzymes and 
entities previously measured, shows abrupt changes in rate during develop- 
ment. The conditions governing the appearance of ‘“‘interphases”’ at which 
such changes occur are discussed. 

The synthesis of glycylglycyl-d-alanine is described. 
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BIC ACID 
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(Received for publication, June 17, 1943) 


According to Herbert, Hirst, et al. (1) the spontaneous transformation 
of dehydroascorbic acid both in acid and slightly alkaline solution leads to 
a transformation product in which the original 6-carbon chain remains 
intact. This result is rather unexpected; the remarkable readiness with 
which the freshly prepared dehydroascorbic acid is reduced to ascorbic acid 
and, in contrast, the poor response in this respect shown by the transforma- 
tion product should have led to the assumption of a more deeply seated 
change of the original dehydroascorbic acid molecule. Such an assumption 
must obviously have been in the mind of the original investigators, since 
they suspected the formation of oxalic acid, but on testing this hypothesis 
they found that during the spontaneous transformation in acid, neutral, 
and slightly alkaline solutions no oxalic acid was formed. Thus the 
hypothesis which favored the rupture of the dehydroascorbic acid molecule 
was seriously shaken and had to be dropped entirely, since it was observed 
that evaporation of the equilibrium solution in the presence of the equiva- 
lent amount of hydrogen iodide gave ascorbic acid in over 75 per cent yield. 

These facts, together with the acidic properties of the transformation 
product as well as the display of a weak absorption at 290 muy, have led the 
same authors to propose the formulation shown in Equation 1 as being the 
most satisfactory expression for their experimental evidence. The low 
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yield of ascorbic acid (6 per cent) which was obtained by 15 minutes treat- 
ment of the equilibrium solution with hydrogen sulfide has been explained 
as due to the slowness with which the lactone ring of the original dehydro- 
ascorbic acid is reconstituted from diketogulonic acid. This explanation 
has received further support. Prolonged treatment of corresponding solu- 
tions as carried out in this work gave over 38 per cent of the original 
ascorbic acid; yields of oer 80 per cent have been reported by Ghosh and 
Rakshit (2). 

With these facts in mind, it is surprising to find that Borsook and co- 
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workers (3), who have studied the spontaneous transformation from a 
physiological point of view, did not observe the slightest reducibility of 
the transformation product. Prolonged treatment with hydrogen sulfide 
and particularly with excessive glutathione did not yield any ascorbic acid. 
These workers felt, therefore, justified in considering the spontaneous trans- 
formation of dehydroascorbic acid proceeding under their experimental 
conditions (pH 7, phosphate buffer, anaerobically) as an irreversible process, 

From the lack of agreement in the observations made by Herbert et al. 
and Borsook et al. as regards the reversibility or non-reversibility of the 
spontaneous transformation, it is doubtful whether the reversible Equation 
1 proposed by the Birmingham investigators has any bearing upon the 
biological and obviously irreversible process studied by the American 
workers. Hence diketogulonic acid, being itself slowly reducible with 
hydrogen sulfide, cannot be considered as a possible chemical equivalent of 
the irreversible transformation product of dehydroascorbie acid. Never- 
theless, the conception of diketogulonic acid both as a chemical entity and 
as the product of the biologically irreversible transformation has since 
found acceptance in the literature (4,5). In their original paper, Borsook 
et al., on the other hand, expressly preferred not to make any statement 
concerning the structure of their transformation product. 

From the results of Borsook et al. one is inclined to assume the existence 
of a more degraded and therefore irreversible transformation product. 
Hence we have attempted in the present work to establish whether in the 
presence of phosphate (the only additional factor used by Borsook et al.) 
the spontaneous transformation of dehydroascorbic acid leads to an irre- 
versible transformation product not identical with diketogulonic acid. 
The only assumption made is that the non-oxidative formation of oxalic 
acid, occurring normally around and above pH 10, may take place in the 
biological range (pH 7) by the catalytic influence of phosphate. At first 
sight such action of phosphate seems unfamiliar; it appears, however, less 
unexpected in view of the positive influence of phosphate upon the evolution 
of CO, during the “second stage” of aerobic, copper-catalyzed oxidation of 
ascorbic acid (6), and the formation of the methylene blue-reducing 
“diketogulonic acid’? from dehydroascorbic acid which, according to 
Frankenthal (7) likewise depends upon the presence of phosphate. 


Intramolecular Stabilization of Dehydroascorbic Acid 


In the course of the present study it has become evident that at neu- 
trality and anaerobically dehydroascorbic acid suffers two distinct spon- 
taneous changes. The first consists in an intramolecular stabilization 
process which, according to Herbert et al. leads to diketogulonie acid 
(Equation 1). Ghosh and Rakshit (2) have proposed an alternative 
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formulation of this stabilization process (Equation 1, a). The enol-lactone 
of diketogulonic acid replaces the open chain formula; the acidic properties 
are explained as arising from the reactivated hydroxyl at C;. In the present 
work preference is given to the enol-lactone formula (II) as, among other 
observations, the requirement of 2 equivalents of base, one at pH 7.3 and 
a second, slowly, at pH 8.5 (opening of the lactone ring), is in better agree- 
ment with the new formula (II) than with diketogulonic acid. The latter, 
in the absence of oxalic acid formation, would require only 1 equivalent of 
base. In slightly alkaline solution the intramolecular stabilization of 
dehydroascorbic acid proceeds almost instantaneously; for this reason it is 
believed that the second spontaneous change originates from the intra- 
molecular stabilization product (II) rather than from dehydroascorbic 
acid (I). 


Irreversible Transformation 


In alkaline solution dehydroascorbic acid or its stabilization product (II), 
respectively, suffers a different change. Our knowledge of this second 
spontaneous transformation is scanty and only qualitative. Herbert et al. 
in their classical paper state: ‘“These alkaline solutions [N-alkali] are 
extraordinarily unstable. ..Some decomposition takes place, even in an 
inert atmosphere, with formation of oxalic acid.” Judging from the de- 
gradation products, there is little doubt that this second, non-oxidative 
transformation constitutes an irreversible change. 

In the present work evidence has been obtained that there exists a spon- 
taneous and non-oxidative formation of oxalic acid from (II) at neutrality. 
In distinction to the spontaneous reaction in alkaline solution, this one 
requires for its occurrence the presence of phosphate which induces catalyti- 
cally the rupture of the 6-carbon chain. It is the same reaction Borsook 
and coworkers have studied both in vitro and in vivo and recognized as an 
irreversible process. 

If the molecular ratio of dehydroascorbic acid-phosphate is at least 
1:5 and the initial dehydroascorbic acid concentration in the order of 1 mm 
per liter or less, conditions which are amply fulfilled in animal tissue, then 
the non-oxidative oxalic acid formation follows almost quantitatively 
Equation 2. The catalytic action of phosphate, which results in a shift of 
the non-catalyzed oxalic acid formation by about 4 pH units to the acid 
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side, is not restricted to this anion; although systematic tests have not yet 
been carried out, it may be recorded that cyanide shows the same effect 
at much lower concentrations. 

During the quantitative study of oxalic acid formation the interesting 
observation has been made that not all of the oxalic acid formed appears as 
“free” oxalic acid; part (210 per cent) of it could be traced in the filtrate 
of the calcium oxalate (and phosphate) precipitate by treating the same 


for several hours at pH 8.5. As, in the absence of phosphate, no oxalic acid . 


is formed at this pH from (II), this extra oxalic acid might be ascribed to 
an oxalyl precursor, possibly oxalyl threose. It appears, therefore, as if 
(II) suffers first hydrolytic scission of the carbon-carbon linkage at C; and 
C, and subsequently hydrolysis of the lactone ring. Much higher yields 
(40 to 80 per cent) of oxalyl compound were observed in corresponding 
aerobic experiments both with ascorbic and dehydroascorbic acids. In this 
case the oxalyl compound is oxalylthreonic acid which, according to the 
higher yield, seems to be less apt to hydrolyze than the corresponding 
oxalyl threose. The negative response of the furfural test given by the 
completely oxidized solutions proved the entire absence of any C; or Cs 
compound, 7.e. the absence of unchanged (II), and excluded the possibility 
of any other precursor to replace oxalylthreonic acid. Further evidence for 
the stability of the lactone ring of (II) is provided for by the existence of 
oxalyl compounds and, hence, further support is lent to the formula advo- 
cated above for the intramolecular stabilization product (II). 


Dismutative Side Reaction 


When Equation 2 for the mechanism of the irreversible transformation 
was presented above, an upper limitation (0.001 m) of its practical validity 
independent of the initial dehydroascorbic acid concentration was pointed 
out. This conclusion was drawn from experiments showing the influence 
of the initial dehydroascorbie acid concentration upon the course of the 
spontaneous transformation. At an initial concentration of 4.3 mm per 
liter a competitive side reaction was evident which was characterized by the 
formation of a reducing compound, the reducing power of which (against 
iodine) persisted in acid solution. Judged by its chemical and physical 
properties in solution, it might be ascorbic acid. In the absence of phos- 
phate a similar observation has already been reported by Herbert et al. 
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The positive influence of the initial dehydroascorbic acid concentration 
upon the percentage of reducing compound produced indicated that this 
reaction is of a higher order. This justified the assumption of an interac- 
tion between 2 molecules of dehydroascorbic acid which results in the forma- 
tion of a reducing compound, possibly ascorbic acid. 

Further independent evidence in support of the dismutative nature of 
this side reaction was obtained from a study of the yellow-colored substance 
which appeared regularly at pH 7 in the course of the anaerobic, spon- 
taneous transformation. It was perceived qualitatively that this yellow 
color became stronger the more reducing compound was formed and, 
hence, it was thought possible that it is derived from the oxidized partner 
of the reducing compound in the dismutative change. An oxidized de- 
rivative of (II) might feasibly display absorption in the visible region, 
particularly in neutral or slightly alkaline solution. 

In order to elucidate the question of the existence of the presumed oxi- 
dized dismutation partner, the phenomenon of the yellow color was sub- 
jected to a quantitative colorimetric study. Its manifestations were ex- 
pected to correspond quantitatively to those shown by the simultaneously 
formed reducing compound. This was indeed the case: the color intensity 
increased proportionally with the amount of reducing compound produced 
by the catalytic influence of increasing amounts of cyanide (see Fig. 3); 
increasing the initial dehydroascorbic acid concentration caused the color 
intensity to increase proportionally with the amount of reducing compound 
formed. The yellow substance was found to be unstable, and it faded 
considerably on standing at room temperature. This fact suggested a 
spontaneous disintegration which, in view of the accumulation of carbonyl 
groups in the oxidized dehydroascorbic acid molecule, is not surprising. 
In analogy to the products obtained by direct oxidation (1), oxalic acid and 
threonic acid are presumably arising out of this spontaneous disintegration. 
This presumed mechanism was strongly supported by the fact that more 
oxalic acid could be found than the irreversible transformation (Equation 2) 
could possibly yield. This instability made itself felt during the colori- 
metric measurements, which in some instances gave lower values than would 
have been expected if proportionality were fulfilled. 

Treatment of the acidified equilibrium solutions with hydrogen sulfide 
gave rise to an additional reducing compound designated H,S-recoverable 
reducing compound. Like the one obtained directly, it took up iodine in 
acid solution. It could be assumed that this compound originated from the 
yellow anion, since the amount of extra reducing compound approached the 
same value as has been obtained by direct iodometric titration (7.¢. the 
reducing compound formed by dismutation). This fact is in agreement 
with the expectation that the oxidized partner of a dismutative reaction (in 
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this case measured iodometrically after reduction with H.S) must have the 
same concentration as its reduced counterpart. In the majority of cases, 
however, the amount of H.S reducing compound was found markedly less 
than is required by the above theory. Although the deficit of this reducing 
compound could be explained by assuming that part of the yellow com- 
pound has suffered decomposition and has thus escaped reduction by H,§, 
such an explanation is not entirely satisfactory. Further independent data 
were required which would demonstrate that the deficit of H.S-recoverable 
reducing compound is balanced by an equivalent amount of oxalic acid 
originating, as already mentioned, from the spontaneous disintegration of 
the yellow compound. Such data have in fact been obtained from experi- 
ments in which, besides reducing compound and H,S-recoverable reducing 
compound, the total oxalic acid was determined. These data (Table II) 
show clearly that the deficit of the H.S-recoverable reducing compound is 
of the same order as an amount of oxalic acid which has been found in excess 
to that expected from the irreversible transformation alone. 

The scheme shown in Equation 3 is given as an illustration of the dis- 
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mutative side reaction. The formulation of the yellow anion as triketo- 
gulonic acid lactone is, of course, only tentative; it should express the 
intense absorption band at A max. 410 mu and its reducibility by hydrogen 
sulfide into a reducing compound, possibly ascorbic acid. 


EXPERIMENTAL 
Methods and General Procedure 


While we followed in principle the Thunberg technique of Borsook and 
coworkers, it seemed advisable, in order to establish a reliable quantitative 
relationship between dehydroascorbic acid and its spontaneous transforma- 
tion product or products, to use larger quantities of dehydroascorbic acid. 
Particularly with regard to the formation of a compound the reducing power 
of which persisted in acid solution, as found by Herbert et al. (1), this 
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measure seemed to be essential. The applicability of the Thunberg tech- 
nique was, however, restricted to well buffered reaction mixtures and to 
relatively slow reactions. The necessity of investigating the transforma- 
tion at pH 7.4 in the absence of phosphate buffer, and the desirability of 
giving a quantitative account of the color formed during the reaction, 
demanded a method of wider applicability. This was found in the use of 
cyanide, thiocyanate, and 8-hydroxyquinoline as auxiliary compounds; 
these substances, as has been demonstrated by Barron and coworkers (8) 
and others, inhibit practically completely the catalytic effect of copper 
traces upon the autoxidation of ascorbic and dehydroascorbic acids. Yet 
only thiocyanate and 8-hydroxyquinoline proved to be without influence 
upon the course of the spontaneous transformation such as proceeds in a 
vacuum. Cyanide behaved differently ; its influence is treated in a separate 
section. 

Oxalic Acid Estimation—During the separation of free oxalic acid as the 
calcium salt the use of strongly ammoniacal solutions was avoided in order 
to exclude non-catalyzed oxalic acid formation from unchanged (stabilized) 
dehydroascorbic acid. Therefore, at the end of the spontaneous reaction, 
the solution (or an aliquot part) containing one of the above auxiliary sub- 
stances, e.g. 8-hydroxyquinoline, was adjusted to pH 5 with an appropriate 
amount of acetic acid. Excessive calcium chloride solution was added to 
precipitate both oxalate and phosphate and the precipitate was allowed to 
stand overnight in the refrigerator. Apart from making the influence of 
atmospheric oxygen negligible, the pH chosen caused the coprecipitated 
calcium phosphate to assume crystalline form and thus permitted the easy 
removal of soluble substances which interfere with the subsequent per- 
manganate titration. After the solution had stood in the cold, the pre- 
cipitate was decanted through a quantitative filter and the filtrate kept for 
the recovery of oxalyl compounds. The precipitate was then washed twice 
with calcium oxalate water and once with distilled water, the washings 
being discarded. Decomposition of the oxalate with hot 6 N sulfuric acid 
and titration with standard permanganate were carried out according to 
known procedures. 

Test Example—A solution containing 3.57 mg. of oxalic acid and 7 mg. of 
ascorbic acid, phosphate buffer, and 1 mg. of NaCN was treated according 
to the above procedure. The decomposed oxalate required 0.520 (0.500) 
ml. of a standard permanganate solution; 0.504 ml. of the same solution 
was used for the direct titration of 3.58 mg. of oxalic acid. 

Oxalic Acid from Oxalyl Compounds—The filtrate from the first caleium 
oxalate (and phosphate) precipitate, exclusive of the washings, was made 
just alkaline towards phenolphthalein with ammonia (pH 8.5) and kept for 


? Unpublished experiments. 
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4 hours at room temperature (25°) in a current of oxygen-free nitrogen, 
The faint pink color was occasionally restored with a drop of dilute am- 
monia. Subsequently the pH was readjusted to 5 with acetic acid, and 
after addition of some more calcium chloride solution the precipitate was 
allowed to stand overnight in the refrigerator. The above procedure of 
separation and titration of the calcium oxalate was then followed. Repeti- 
tion of the hydrolysis at pH 8.5 with the second filtrate gave, as a rule, only 
an insignificant amount of oxalic acid and has, therefore, not been carried 
out in routine work. 

Estimation of Reducing Compound—After the spontaneous change had 
gone to completion, the solution or an aliquot part thereof was made acid 
(pH 1) with 6 N sulfuric acid and then titrated with 0.01 N iodine in the 
usual manner. Assuming an uptake of 2 atoms of iodine per molecule of 
reducing compound formed, if not stated otherwise, the result was ex- 
pressed as reducing compound in per cent of that amount of ascorbic acid 
which originally had been submitted to oxidation with iodine. 


Preliminary Experiments 


Acidity of Dehydroascorbic Acid—For the study of the spontaneous 
changes at pH 7.4 the acid (hydrogen iodide) dehydroascorbic acid solu- 
tions had to be adjusted to this pH with an appropriate neutralizing and, 
if desired, buffering mixture. The composition of such a mixture would 
differ according to whether dehydroascorbic acid is a neutral substance 
(Herbert et al. (1)) or has the same acidity as ascorbic acid (Ghosh and 
Rakshit (2)). The English authors did not carry out a pH control, 
whereas Ghosh and Rakshit did, but their first record of acidity was given 
only 20 hours after the beginning of the platinum-catalyzed oxidation of 
ascorbic acid. Thus it became clear that both views had to be tested by 
an independent procedure. By the method of Moll and Wieters (9), pure 
dehydroascorbie acid (t.e. free of electrolytes) could be prepared more 
rapidly with quinone as oxidizing agent; hydroquinone and excess quinone 
were subsequently removed by ether extraction. 45 minutes after the 
oxidation with quinone, etc., the pH of the dehydroascorbic acid solution 
was 3.33 as compared with 2.92, the pH of an ascorbic acid solution of the 
same molar strength (0.068 m). However, in distinction to the pH of the 
ascorbic acid solution that of dehydroascorbic acid did not remain constant; 
the acidity increased relatively rapidly during the first 24 hours and then 
more slowly, as is demonstrated in Fig 1. For comparison the pH values 
published by Ghosh and Rakshit for m/120 dehydroascorbic acid have been 
plotted on the same graph. Extrapolation of the experimental values to 
zero hour would undoubtedly yield the pH of a neutral substance, in con- 
firmation of Herbert, Hirst, et al., particularly if one takes into considera- 
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tion that the dehydroascorbie acid under test still contained 1.2 per cent 
unchanged ascorbic acid. Indeed, repetition of the corresponding experi- 
ment of Herbert et al. with electrometric control immediately after exact 
neutralization of the hydrogen iodide gave pH 6.44. The discrepancy 
between results obtained by Herbert et al. and Ghosh and Rakshit is only 
an apparent one; the latter authors have measured the acidity of dehydro- 
ascorbic acid at a time when it had already assumed acidic properties 
owing to the spontaneous intramolecular stabilization process. The re- 
sults show, furthermore, a definite decrease of pH between 20 and 72 hours 
of observation; 7z.e., the increase of acidity reached (again in agreement with 
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Fic. 1. Acidity of freshly prepared dehydroascorbic acid (QO); results published 
by Ghosh and Rakshit (A). 





Herbert et al.) constancy simultaneously with the change of specific 
rotation. 

Thiocyanate and 8-Hydroxyquinoline As Auxiliary Compounds during 
Spontaneous Transformation—The introduction of auxiliary compounds 
into the study of chemical reactions, particularly into those of biological 
interest, has a serious drawback, as it may be objected that they render the 
reaction atypical. Therefore, proof has to be given that the course of the 
reaction under study is not altered in the presence of such compounds. It 
is the object of this experimental series to demonstrate that both thio- 
eyanate and 8-hydroxyquinoline have no influence other than that ex- 
pected from their copper-binding ability. 

To this end increasing amounts of the above copper complex formers 
were added to a constant mixture of dehydroascorbic acid and phosphate 
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buffer with a final pH of 7.4 and a constant total volume. The amount of 
reducing compound formed at the end of the spontaneous change was 
expected to be independent both of the type and of the concentration of 
the auxiliary reagent employed. In an analogous experiment carried out 
with the Thunberg technique the yield of reducing compound should be 
of the same order as in the aerobic experiments. The results will show 
that this is the case. 

In connection with the adjustment of the reaction mixture to pH 7.4 it 
was assumed, in accordance with the result from the preceding experiment, 
that neutralization of the HI formed during the oxidation of ascorbic acid 
and addition of sufficient buffer of pH 7.4 would give the desired initial 
acidity. This was, however, not the case; owing to the intramolecular 
stabilization and formation of the acidic enol-lactone of diketogulonic acid, 
the initial pH was slightly more acid. The correct initial pH 7.4 was only 
obtained after the addition of an amount of secondary phosphate which by 
itself was sufficient to adjust the corresponding amount of ascorbic acid to 
pH 7.4. Were it not for the decisive result obtained from the preceding 
experiment, one would believe that freshly prepared dehydroascorbic acid 
has the same acidity as ascorbic acid. The truth, however, is that at pH 
7.9 the change into the acidic enol-lactone is almost instantaneous. 

Thiocyanate Procedure—In each of a series of 25 ml. Erlenmeyer flasks 
the following neutralization and buffering mixture was placed: 1.58 ml. of 
0.1 Nn NaOH (for the neutralization of the HI formed during the oxidation 
of 14 mg. of ascorbic acid), 1.26 ml. of 0.2 m secondary phosphate (adjust- 
ment of 14 mg. of ascorbic acid to pH 7.4), an additional 5.0 ml. of 0.2™ 
secondary phosphate buffer, pH 7.4. The final phosphate molarity was 
0.068. 

The following amounts of 0.1 m potassium thiocyanate were added to 
each Erlenmeyer flask respectively: 0.1, 0.2, 0.4, 0.6, 0.8, 1.6, 3.2, 6.4 ml. 
Distilled water was added to make the volume 16.0 ml. To each set were 
added 2.50 ml. of dehydroascorbie acid solution containing 14.0 mg. of 
ascorbic acid oxidized by iodine. The mixed solutions were allowed to 
stand for 5 hours at room temperature (28°). 

The amount of reducing compound observed was 12.50 + 0.02 per cent 
in all eight different thiocyanate concentrations under test. The pH of the 
control immediately (25 seconds) after mixing was pH 7.43; it dropped to 
pH 7.25 after 4 hours and then remained practically constant. 

8-Hydroxyquinoline—The procedure was the same as for thiocyanate 
except that 1.5, 3.0, and 6.0 mg. of 8-hydroxyquinoline were used and the 
flasks were incubated for 3 hours at 37°. The yield of reducing compound 
amounted to 11.35 + 0.01 per cent. 

Thunberg Series—According to the technique described by Borsook et al. 





ese ee. Oe nae 2 | Ce UC. late 


nat ee ee oe lCUvelC<C lO UO Ce ULC 


on fees Gt Gete ao 


fags *» -»> *» + 


it of 
was 
n of 
out 
| be 


how 


4 it 
nt, 
cid 
tial 
lar 
cid, 
nly 


| to 
ing 
cid 
pH 


sks 


ion 
st- 
>M 
yas 


ite 
he 
nd 








B. ROSENFELD 291 


14.0 mg. of ascorbic acid (3.95 ml.) were neutralized in a Thunberg tube 
with 3.50 ml. of phosphate buffer, pH 7.9. A series of six such tubes was 
incubated for 24 hours at 37°. Four tubes showing a gold-yellow color, 
which faded completely on acidification, gave an average yield of 8.6 + 
0.9 per cent of reducing compound. The remaining tubes were brownish 
yellow (air leakage?) and gave lower yields (3.3 and 1.7 per cent) of reducing 
compound. The lower values (8.6 per cent), compared with 11 to 12 per 
cent above, are explained by both the lower final pH (6.5) and the ratio of 
phosphate to dehydroascorbic acid of 8:1, as compared with 16:1, apart 
from the improved exclusion of oxygen by the new method. 


Experiments Referring to Equations 1, a and 2 


Spontaneous Transformation of Dehydroascorbic Acid at pH 7, in Absence 
of Phosphate—In a tall 100 ml. beaker 176.2 mg. of ascorbic acid were 
oxidized with 20.0 ml. of 0.1 N iodine solution. The influence of oxygen at 
neutrality was excluded by the addition of 20 mg. of 8-hydroxyquinoline 
in 0.1 ml. of lukewarm ethanol to the colorless dehydroascorbie acid solu- 
tion. Addition of 20.1 ml. of 0.1 N sodium hydroxide for the neutralization 
of the hydrogen iodide formed during the oxidation was taken as zero hour 
of the beginning of the spontaneous transformation. The first pH reading 
25 seconds after the start of the reaction corresponded to pH 6.44 at 27°. 
0.1 ns NaOH was then added to pH 7.28, which was closely maintained by 
the addition of further amounts of NaOH. At 18 minutes 8.0 ml. of 0.1 N 
NaOH were used up, equivalent to 80 per cent of a new acidic group. The 
reaction became now progressively slower ; after 3 hours, there was no further 
increase of acidity. The total increase of acidity was equivalent to the 
formation of a new hydrion from 1 X 10~* mole of dehydroascorbie acid. 
Before analysis of the equilibrium solution, it was transferred into a 100 ml. 
measuring flask. 

When the procedure given at the beginning of the experimental section 
was employed, no “free” oxalic acid was found to be present. Likewise, 
adjustment to pH 8.5 of 25 ml. of the equilibrium solution did not reveal 
the presence of any oxalyl compound, even after 48 hours standing. 

It was, however, observed that while standing (in the cold) the solution 
had turned acid by more than 1 pH unit and the maintenance of pH 8.5 
required the gradual addition of alkali. After the total addition of 2.40 ml. 
of 0.1 n NaOH the pH remained constant. This addition of further alkali 
corresponded to the neutralization of a 2nd hydrion which, as no precipitate 
of calcium oxalate appeared on further standing, belonged to diketogulonic 
acid formed from the corresponding lactone. The presence of 2.4 per cent 
of reducing compound was observed. 

H.S-Recoverable Reducing Compound—In an Erlenmeyer flask 20 ml. of 
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solution were acidified with 1 ml. of 6 N sulfuric acid and treated for 2 
hours with hydrogen sulfide under slight pressure. H.S was expelled from 
the solution by a current of oxygen-free nitrogen; after 6 hours the lead 
acetate test for H.S was negative. Iodometric titration revealed the 
presence of 35.3 per cent of reducing compound which includes 2.4 per cent 
of reducing compound formed by dismutation. 

Spontaneous and Irreversible Transformation at pH 7, in Presence of 
Phosphate, Anaerobically—In the upper part (approximately 50 ml. capa- 
city) of a specially constructed large Thunberg vessel 0.8986 gm. (= 0.511 
X< 10° mole) of dry ascorbic acid was placed and oxidized with 9.90 ml. of 
a 1.026 N iodine solution. The resulting acid solution still showed the color 
of free iodine.2. The lower part of the Thunberg vessel, having a total 
capacity of 250 ml., contained 4.75 gm. of Na,gHPO,-2H.O, 0.27 gm. of 
KH,PO,, and 7.30 ml. of 1.39 n NaOH in a total volume of 100 ml. After 
thorough evacuation with an oil pump the contents of the upper and lower 
part were mixed. A colorless solution resulted which, after a short time, 
turned yellow and then orange. The reaction was allowed to proceed for 
20 hours at 37°, after which the vacuum was released with CO,. In order 
to make the solution inert towards oxygen 5 ml. of 0.1 N KCNS were added 
and the solution then transferred to a 200 ml. measuring flask. 

Resuli—Free oxalic acid, 0.311 XK 10-* mole from 0.511 X 10-? mole of 
dehydroascorbic acid; oxalic acid from oxalyl compound, 0.035 x 10° 
mole; reducing compound, 0.116 & 10-? mole (22.7 per cent); H.S-recov- 
erable reducing compound, 0.183 X 10-? mole which includes the above 
0.116 X 10-? mole of reducing compound. 

In connection with the possible identity of the reducing compound with 
ascorbic acid a furfural distillation was carried out with 30 ml. of the 
equilibrium solution. The furfuraldehyde was estimated as the brick-red 
2,4-dinitrophenylhydrazone (10); 11.6 (10.8) mg. of hydrazone were ob- 
tained, m.p. 183°. 23.1 mg. of ascorbic acid treated in the same manner 
gave 22.8 mg. of hydrazone, m.p. 197-199°. The mixed melting point 
observed was 189°, indicating that the crude hydrazone obtained from the 
test solution presented, though impure, principally the same compound as 
could be obtained from authentic ascorbic acid. The yield of ascorbic 
acid, as calculated from the yield of furfural-2,4-dinitrophenylhydrazone, is 
lower than expected from the iodometric titration value in acid solution; 
the identity of the reducing compound with ascorbic acid must, therefore, 
be considered with due reserve until further evidence, e.g. quantitative 
spectroscopic analysis, is available. 


? This observation, which indicates the existence of a true chemical equilibrium, 
corresponds to the observation made by Herbert, Hirst, et al. (1) about the formation 
of free iodine when dehydroascorbic acid solutions were evaporated in the presence 
of an equivalent amount of hydrogen iodide. 
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Irreversible Transformation Catalyzed by Cyanide, at pH 7, in Absence of 
Phosphate—Preliminary tests with increasing amounts of cyanide have 
shown that both the rate of formation and the yield of reducing compound 
increased far beyond the values observed with thiocyanate or 8-hydroxy- 
quinoline. As those experiments have been carried out in the presence of 
phosphate, it could not be said with certainty whether the action of cyanide 
depends upon the presence of phosphate, or whether cyanide exerts inde- 
pendently an analogous influence upon the spontaneous transformation, as 
is shown by phosphate. 

In a tall 100 ml. beaker 177.2 mg. of ascorbic acid (1.01 XK 10~* mole) 
were oxidized with the calculated amount of 0.1 N iodine; then 2.0 ml. of 
NaCN solution (0.197 m) were added. The acid mixture was finally neu- 
tralized with 16.16 ml. of 0.1 N NaOH, which takes into account the 
neutralizing power of the NaCN used. 

The pH of the solution was measured immediately after neutralization. 
Owing to the fast reaction the initial reading is only approximate; 7.e., pH 
3.7 + 0.2. 5 minutes after the addition of 7.20 ml. of 0.1 n NaOH was 
begun, the pH was 7.1. The solution assumed now an intense yellow color, 
and the acidity still increased, though more slowly. The reaction was 
considered to be practically finished after 180 minutes, when the increase 
of acidity during the past hour amounted only to 0.20 ml. of 0.1 nN NaOH. 
The total amount of NaOH which had been used in addition to the neu- 
tralization of hydrogen iodide was found to be 14.1 ml., which is 41 per cent 
more than was obtained under the same experimental conditions without 
cyanide. This observation indicated that free oxalic acid had already 
formed. Free oxalic acid, 0.21 X 10-* mole; oxalic acid from oxalyl com- 
pound, 0.09 X 10-* mole. Thus 0.30 X 10-* mole of oxalic acid has been 
formed from 1.01 X 10-* mole of dehydroascorbic acid. Iodometric 
titration in acid solution gave 28.6 per cent (0.29 K 10~-* mole) of reducing 
compound. An identical experiment with cyanide (0.004 m) which had 
been carried out in the presence of 0.1 m phosphate gave 27.9 per cent of 
reducing compound. A higher value would have been expected if the 
catalytic effect of phosphate is added to that exerted by cyanide. The 
result obtained suggests a stronger affinity of cyanide towards dehydro- 
ascorbic acid, for in the presence of both phosphate is displaced by cyanide. 

If it is assumed that the reducing compound has been formed by a dis- 
mutative change, 0.43  10-* mole of total oxalic acid would have been 
expected by difference. 

Formation of Oxalyl Compounds during Aerobic, Copper-Catalyzed Oxida- 
tion of Ascorbic and Dehydroascorbic Acid. Ovxidation of Ascorbic Acid with 
Oxygen—1.7294 gm. of ascorbic acid (= 0.982 * 10-* mole) were placed in 
adry absorption vessel (the type used for catalytic hydrogenations), the 
air was replaced by oxygen, and an aqueous solution of 8.49 gm. of Nas- 
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HPO,-2H,0, 0.57 gm. of KH2PO,, and 14.8 mg. of CuCl,-2H,O was added, 
making the total volume 113.5 ml. The vessel was shaken at room tem- 
perature (30.5°; 754 mm. of Hg). After 4 hours the oxygen uptake had 
stopped. In agreement with the observations made by Heard and Welch 
(11) the oxygen uptake amounted to 1.345 X 10-* mole; for a 3 atomic 
oxidation 1.472 < 10-* mole was calculated. 

Aerobic Oxidation of Dehydroascorbic Acid—Into the main part of each 
of three Warburg vessels containing the requisite amounts of neutralizing 
phosphate mixture and a trace of copper chloride, 2.50 ml. of dehhydro- 
ascorbic acid solution were allowed to flow from the side cups after tempera- 
ture equilibrium had been reached. Final phosphate molarity 0.13 m, pH 
7.4; amount of dehydroascorbic acid 3.98 10-5 mole; total volume 86 
ml.; temperature 25°. 

The oxygen uptake was relatively slow and corresponded to the low con- 
centration of free copper ions in the presence of excess iodide. After 27 
hours the oxygen uptake had ceased, amounting to 2.89, 2.92, and 2.92 x 
10 mole; 7.e., a complete oxidation to the threonic acid stage and about 
50 per cent oxidation towards a second oxidized derivative of threonic acid. 

The results of both experiments as far as oxalic acid and oxalyl compound 
formation are concerned are as follows: (a) 0.982  10-* mole of ascorbic 
acid produced 0.391 & 10- mole of free oxalic acid and 0.339 X 10-* mole 
as oxalyl compound; over-all vield 74.4 per cent; (b) 3.98 K 10-* mole of 
dehydroascorbic acid produced 0.73 X 10~-° mole of free oxalic acid and 
3.19 X 10-5 mole as oxalyl compound; over-all yield 98.5 per cent. 

It may be added that following the furfural test with the oxidized 
ascorbic acid solution (a) a negative response was observed which proved 
the absence of any transformation product having an intact 6-carbon chain. 
Control distillation with 171.6 (198.8) mg. of iodine-oxidized ascorbic acid 


gave a brown 2,4-dinitrophenylhydrazone, m.p. 95° (unsharp), weighing | 


82.0 (103.0) mg., thus showing that distillation in the presence of 12 per 
cent HCl may also be of diagnostic value with dehydroascorbic acid. 


Experiments Concerning Dismutative Side Reaction (Equation 3) 


Qualitative Spectroscopic Identification of Reducing Compound—The re- | 


ducing compound which arises spontaneously out of dehydroascorbic acid 
and which reduces iodine in acid solution has most likely a dienol group, 
like ascorbic acid. Titration of dichlorophenol indophenol with solutions 


containing the reducing compound (at pH 2, in the presence of HPO,) 


gave values which were comparable with those obtained iodometrically, 
though they were generally lower. Yet even this additional observation 
did not permit us to conclude whether the reducing compound is identical 
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with ascorbic acid. The chemical tests in solution lack specificity in this 
respect. A qualitative spectroscopic test in the ultraviolet region showed, 
however, the presence of a strong absorption band at 268 to 272 mu, which 
at pH 7.4 is characteristic for ultraviolet absorption of ascorbic acid. This 
result has been obtained from a 0.8 X 10~‘ m solution of dehydroascorbic 
acid, in the presence of phosphate and 5 mg. of NaCN per 50 ml. of solution. 
It can be assumed that at least part of the reducing compound formed is 
ascorbic acid. 

Influence of Initial Dehydroascorbic Acid Concentration upon Formation of 
Reducing Compound—The concentrations of dehydroascorbiec acid used in 
this work varied between 4.30 and 90 mm per liter, which, for reasons 
Ynentioned above, were higher than those employed by Borsook and co- 
workers (0.6 to 1.7 mm per liter) and far above the concentrations of dehy- 
droascorbic acid present in animal tissues. As it was ultimately desired to 
obtain information about the chemical mechanism by which vitamin C is 
destroyed in the living organism, the knowledge of the influence of the 
initial concentration was imperative to permit valid conclusions to be 
drawn in the biological range of dehydroascorbic acid concentrations. If 
the reducing compound formed during the spontaneous transformation is 
a dismutation product, t.e. a product formed by the interaction of 2 mole- 
cules of dehydroascorbic acid, a positive influence of the change in con- 
centration is anticipated. 

The Tunberg technique described above has been applied to concentra- 
tions >5 X 10-*m. The value corresponding to 4.3 X 10-* m has been 
obtained from the experiments in the presence of 8-hydroxyquinoline. 
The amount of reducing compound found by iodometric titration in acid 
solution was plotted in per cent of the ascorbic acid originally submitted 
to oxidation against the initial dehydroascorbic acid concentration in mm 
per liter (Fig. 2). The positive increase of the relative formation of the 
reducing compound with increasing initial dehydroascorbic acid concen- 
tration is in agreement with the assumption that the dismutation of de- 
hydroascorbic acid is a reaction of higher order; therefore, at infinitely low 
initial concentration, no ascorbic acid is formed by dismutation. 

Interdependence of Reducing Compound and Yellow Compound Formation 
—The catalytic effect of cyanide upon the dismutative transformation of 
dehydroascorbic acid offered a welcome opportunity to decide experi- 
mentally whether the yellow color often observed belongs to the hypo- 
thetical oxidized counterpart of the reducing compound, or whether it is 
merely a by-product without significance. The first alternative would 
be the more correct one if, by alteration of the external experimental condi- 
tions, an increase or decrease of the amount of reducing compound is 
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followed by a proportional change of the color intensity. The following 
experiments were designed to prove the expected interdependence of the 
dismutation partners. 

The experimental procedure is in principle identical with that described 
in the presence of thiocyanate. A parallel series of 25 ml. Erlenmeyer 
flasks contained 14 mg. of oxidized ascorbic acid (final molarity 0.43 x 
10~*), 1.26 ml. of 0.2 m secondary phosphate, and 9.0 ml. of 0.2 M phosphate 
buffer, pH 7.4 (final phosphate molarity 11.1 X 10-*). Different amounts 
of 0.22 m NaCN solution were further added, giving a final NaCN concen- 
tration which varied between 5.95 K 10-* and 1.07 X 10-'m. Neutraliza- 
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Fic. 2. Influence of the initial dehydroascorbic acid concentration (mm per liter) 
upon the formation of the reducing compound. 


So 
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tion of the HI was adjusted either by the addition of 0.1 n NaOH or HCl, 
according to whether the amount of cyanide used was insufficient or in 
excess. The total volume was in all cases 18.50 ml. The temperature 
was 25°. At the end of the transformation the color was measured with a 
Pulfrich step-photometer having a cuvette of 30 mm. depth and a No. 43 
filter (effective optical density at center 434 mu). The corresponding 
duplicates were acidified after 3 hours standing and the reducing compound 
estimated iodometrically. The results obtained were plotted in Fig. 3 
(Curve B) as mo per liter of reducing compound formed by dismutation, 
and (Curve A) as color intensity, log Jo/I against the corresponding cyanide 
molarity. 
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The concentration of the oxidized dismutation product as measured by 
the increase of its yellow color at pH 7.4 increases proportionally with the 
eyanide concentration up to 2.4 X 10-* m. Up to the same cyanide con- 
centration the amount of reducing compound formed likewise increases 
proportionally. At higher cyanide concentrations no further increase of 
either the color intensity or the reducing compound is observed. The 
maximum values remain fairly constant up to 3.6 X 10-* mM NaCN in the 
ease of the yellow compound, and more precisely constant up to 5.0 X 
10-* m CN in the case of the reducing compound. At this concentration 
the yellow color has faded to 59 per cent of its original maximum strength 
and continues to fade with further increase of the cyanide concentration. 
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Fic. 3. Influence of increasing cyanide concentration upon the formation of the 
reducing compound (Curve B) and upon the color intensity of the yellow, oxidized 
dehydroascorbic acid (Curve A). 


The amount of reducing compound, on the other hand, again showed an 
increase which ceased at 0.071 m CN, with a total yield of 60 per cent 
of reducing compound. A yield of 50 per cent would have corresponded to 
a complete dismutative change of dehydroascorbic acid. No explanation 
can be given at present for the higher value observed. The decrease of the 
color intensity suggests that at concentrations 23.6 X 10-* M cyanide acts 
upon the colored dismutation product. The upper limit of the catalytic 
action of cyanide seems to be 2 X 10-* M. 

Increase of Relative Color Intensity with Increasing Initial Dehydroascorbic 
Acid Concentration—As in the case of the reducing compound above, the 
same influence of the initial dehydroascorbic acid concentration is expected 
to take place with its yellow counterpart. To obtain evidence for this 
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assumption a series of experiments with increasing amount of dehydro. 
ascorbic acid for a given constant volume has been carried out. 

To three pairs of 25 ml. Erlenmeyer flasks, each containing 7.0, 14.0, and 
28.0 mg. of iodine-oxidized ascorbic acid and the requisite amount-of neu- 
tralizing and buffering mixture to obtain pH 7.4, 0.35 ml. of 0.2 m NaCN 
and water are added to make a final volume of 18.5 ml.; the transformation 
was allowed to go to completion at 25°. The quantitative colorimetric 
estimation of the yellow color and the titration of the reducing compound 
were carried out as usual. The results are given in Table I. 

Optical Absorption Characteristics of Yellow-Colored Anion—Only casual 
reference has been made in the literature to the yellow compound, its hue 
being given as brownish yellow (3). Since it is a new chemical entity, its 
properties are described in detail. As regards its optical characteristics the 
followipg observations have been made at pH 7.4 with a solution containing 
in 23.3 ml. 28 mg. of oxidized ascorbic acid, 0.4 ml. of 0.22 m NaCN, and 


TABLE | 


Influence of Increasing Initial Dehydroascorbic Acid Concentration upon Dismutative 
Formation of Reducing and Yellow Compounds 








Dehydroascorbic acid, w per }. 2.15 X 107% 4.30 X 10-3 8.60 X 1078 
Reducing compound, perl.......| 0.42 x 107% 1.00 x 10-3 2.22 X 10° 
Color intensity as log Jo/Z7, 10 mm. | 

stratum, Filter 430...... ae |. 0.058 | 0.243 0.699 
Log J,/I per mole dehydroascorbic 

acid per liter............ ..| 27.0 56.5 | 81.5 





6.65 ml. of 0.2 m phosphate buffer. The solution was observed in a Pulfrich 
step-photometer at 26°; depth of solution 30.3 mm. As can be seen from 
the following figures the transparency increases rapidly with increasing 
wave-length. 


Absorption, mz.... 430 470 500 530 570 610 660 720 =. 750 
Log Io/I........... 2.100 0.409 0.045 0.010 0.008 0.010 0.020 0.026 0.033 


A qualitative spectroscopic test showed the presence of a narrow and strong 
absorption band between 393 and 430 mu, with the maximum at 409 to 
410 my. The yellow color is unstable and fades on standing for 18 hours 
at room temperature to approximately half its original value. At dilutions 
corresponding to log Io/I values between 0.925 and 0.072, with Filter 43, 
the yellow color follows the law of Beer, a fact which permitted the evalua- 
tion of the colorimetric measurements in terms of concentration values. 
H.S-Recoverable Reducing Compound—Hs3S treatment of the equilibrium 
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solutions gave rise to an additional reducing compound which showed the 
same reducing properties towards iodine as the one formed by dismutation. 
The precursor of this additional reducing compound may be either the 
intramolecular stabilization product of dehydroascorbic acid, viz. the enol- 
lactone of diketogulonic acid, or the oxidized counterpart of the dismutative 
reducing compound, viz. the yellow enol-lactone of triketogulonic acid, 
according to whether the transformation follows the reversible (Equation 
1, a) or the irreversible change (Equations 2 and 3).* The existence of the 
first precursor, the (stabilized) dehydroascorbic acid, is well founded (1), 
whereas the claim of the yellow anion as being another possible precursor 
of the H.S-recoverable reducing compound is, a priori, purely hypothetical 
and needs further discussion. 

Owing to the instability of the yellow anion this hypothesis cannot be 
subjected to a direct experimental test. Indirect evidence, however, could 
be obtained through evaluation of the analytical data of the irreversible 
transformation. In the theoretical considerations only one supposition 
has been made; viz., the amount of reducing compound appearing at the end 
of the transformation has been formed by a dismutative reaction and 
accounts therefore for 2 molecules of dehydroascorbic acid in the balance. 
In preceding experiments presented in this section the validity of this 
supposition has been tested and found to be correct. Hence it is expected 
that the amount of H,S-recoverable reducing compound must be equal to 
the amount of reducing compound formed by dismutation. It is further 
expected that, in consideration of the instability of the yellow anion, the 
extra amount of H,S-recoverable reducing compound may be less, but must 
never surpass the amount of direct titratable reducing compound, provided, 
of course, that the transformation is rendered completely irreversible 
through the presence of sufficient phosphate (or cyanide). 

All experimental observations made in this respect complied with these 
expectations. For example Fig. 4 shows the result of a series of experi- 
ments which were originally designed to demonstrate the influence of in- 
creasing amounts of cyanide upon the dismutative formation of the reducing 
compound; the influence upon the H,S-recoverable reducing compound was 
measured simultaneously. The experimental procedure is exactly the same 
as that outlined above, which led to Fig. 3, the only difference being 
a lower phosphate molarity ; viz., 2.44 * 10-* M. 

At NaCN concentrations up to 2 X 10-* m the observed deviation from 
the theoretically expected H.S-recoverable reducing compound is probably 
due to the instability of the yellow compound from which it is supposed to 
derive, whereas the striking drop of the curve at NaCN concentrations 
>2 x 10-* M, in close resemblance to the observations made with the 


* Needless to say, both changes may occur side by side. 
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colorimetric tests (Fig. 3, Curve A), may be ascribed to the chemical inter- 
action of CN’ which probably resulted in the formation of a non-reducible 
(colorless) addition product. 

In Table II typical examples of H.S-recoverable and directly titratable 
reducing compound are listed, as well as analytical data of the correspond- 
ing experiments. Table II is particularly instructive, since it demonstrates 
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Fig. 4. Influence of increasing cyanide concentration upon the formation of both 
the reducing compound (QO) and the amount of extra reducing compound, obtained 
after treatment with H.S (A). The dotted line indicates the theoretically expected 
(maximum) amount of H.S-recoverable reducing compound. 





TABLE II 


Mole of Transformation Products Obtained per Mole of Dehydroascorbic Acid, 
Anae juste at at pH 7 and ; in Presence of Phosphate 


: , Total oxalic acid Debt of 
Pe Reducing | Reducing | Irreversible} Oxalic iin Excess 
corbic acid ound | compound change acid cunse [Seton erable 
concentra. | 0% dismu- | after HsS | calculated, | formed, , Calculated, acid, | reducing 
tion tation treatment | 1 — 2 X (6) |1—2X (6)| Found ao i (f) — fe) | —e 
| 40) —€ 
a b ¢) (d) e f (g) (h) i) 








0.05 0.227 0.358 0.546 | 0.546 | 0.676 | 0.642 | 0.130 0.096 
0.09 0.282 0.374 0.436 0.436 | 0.635 0.626 | 0.199 0.190 


the normal deficit of the H,S-recoverable reducing compound. As the excess 
of oxalic acid found (Column h) is of the same order as the corresponding 
deficit of H,S-recoverable reducing compound (Column 2), it can be assumed 
that the oxidized partner of the dismutative change, being unstable, has 
suffered partial decomposition, with the formation of oxalic and possibly 
threonic acid, whereas the intact molecule gave rise only to the reducing 
compound upon H,S treatment. 











>T- 
le 


le 
d- 


th 
od 


<p ese @ 


98 














B. ROSENFELD 301 


DISCUSSION 


The chemical facts about the irreversible transformation reported in this 
work need no further comment, since the quantitative formation of oxalic 
acid in the presence of phosphate is self-explanatory, at least as far as the 
irreversibility of the reaction is concerned. Whether or not this process 
involves the simultaneous formation of threose is a matter of secondary 
importance, which still awaits experimental confirmation. 

The peculiar action of phosphate, on the other hand, which causes the 
spontaneous scission of a carbon-carbon linkage is less easily understood. 
In analogy to existing chemical facts it may perhaps be assumed that phos- 
phate ions become temporarily associated with C, or C; of the dehydro- 
ascorbic acid molecule and thus, by increasing the negative charge there, 
cause the spontaneous rupture of the C—C linkage. The fact that the 
reactive cyanide ion exerts the same influence as phosphate and, further- 
more, showed signs of possible chemical interaction with dehydroascorbic 
acid, can be quoted in favor of this explanation. 

It has become clear now that the spontaneous increase of acidity during 
the irreversible transformation must be ascribed mainly to oxalic acid and, 
to a small extent, to oxalyl compounds but not to diketoguloniec acid. 
Even in the case of the spontaneous intramolecular stabilization of dehydro- 
ascorbic acid the acidic reaction arises rather from the corresponding 
enol-lactone. 

Another point which should be discussed is the relationship between the 
methylene blue-reducing compound formed at pH 7 during the irreversible 
transformation (3) and the reducing compound reported in this work. In 
the description given by Borsook et al. it is implied that a single transforma- 
tion product has acquired this property. As information is lacking as to 
how much of this methylene blue-reducing product has been formed, it is 
premature to state to which product of the irreversible reaction the meth- 
ylene blue-reducing property should be ascribed. 

As regards the fate of vitamin C in the animal body, it can be assumed 
that its metabolic breakdown starts with the irreversible transformation 
of the dehydro vitamin. Since the stationary concentration of dehydro- 
ascorbic acid must be expected to be but a fraction of the actual vitamin C 
concentration in living tissue, owing to the natural protective system for 
this vitamin and particularly to the regular presence of excessive glutathione 
(12),4 the mechanism of degradation follows Equation 2 mainly, with the 
quantitative formation of oxalic acid. 

The quantitative formation of oxalic acid as part of the biological de- 
gradation of ascorbic acid suggests a possible relationship between the 


‘ Particularly Table X, p. 263 (12). 
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vitamin C metabolism and the normal excretion of oxalic acid in the urine, 
Vitamin C would thus be the natural precursor of excreted oxalate. This 
assumption is in full agreement both with the independence of oxalate 
metabolism of food intake and the molecular relationship between the nor- 
mal vitamin C requirement and oxalate excretion. According to recent 
reliable figures (13) the daily urinary excretion of oxalic acid of men 
amounts on an average to 27 mg., corresponding to the daily requirements 
of 50 mg. of ascorbic acid. 


SUMMARY 


1. The product of the irreversible and non-oxidative transformation of 
dehydroascorbic acid at pH 7 and in the presence of phosphate buffer is 
not diketogulonic acid or any other derivative of dehydroascorbic acid 
having an intact 6-carbon chain. 

2. Under the above experimental conditions dehydroascorbic acid, in its 
stabilized form, probably as enolized diketogulonic acid lactone, suffers a 
scission of the 6-carbon chain with the quantitative formation of oxalic 
acid. 

3. In the presence of oxygen, the oxalic acid formation from dehydro- 
ascorbic acid is preceded by the formation of an oxalyl compound which is 
most likely oxalylthreonic acid. 

4. The presence of phosphate is obligatory for the irreversible trans- 
formation at pH 7. Phosphate causes catalytically the spontaneous 
formation of oxalic acid. In the absence of phosphate the 6-carbon chain 
remains intact, thus confirming the findings of Herbert, Hirst, et al. at 
hydrion concentrations below and slightly above pH 7. 

5. The catalytic action of phosphate can be effectively replaced by 
cyanide. 

6. Parallel with the irreversible transformation, dehydroascorbic acid 
suffers a dismutative change. This change, though accelerated both by 
phosphate and cyanide, does not depend upon the presence of these com- 
pounds. The products of the dismutative change are (1) a reducing com- 
pound, the reducing power of which persisted in acid solution and showed 
qualitatively the absorption characteristics of ascorbic acid in the ultra- 
violet region, and (2) an oxidized derivative of dehydroascorbic acid. The 
latter compound is characterized by its intense yellow color at pH 7 (A max. 
410 mz). The dismutative change is of no importance at dehydroascorbic 
acid concentrations prevailing in animal tissues; it assumes measurable 
proportions only at concentrations >1 X 10-* M. 

7. The biological significance of the irreversible transformation is dis- 


cussed. 
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AMINO ACID NUTRITION OF LACTOBACILLUS ARABINOSUS 
By 8. SHANKMAN 
(From the Wm. T. Thompson Company, Los Angeles) 


(Received for publication, May 12, 1943) 


The growth factors required by Lactobacillus arabinosus 17-5 have been 
studied extensively by Snell and Wright (1), Isbell (2), and Lewis (3). 
Investigation of the nitrogen requirement has been limited. Hydrolyzed 
casein has been found to supply the essential nitrogen when supplemented 
with tryptophane and cystine. Glutamic acid has been found essential 
(4), and quantitative levels have been determined. Recently, the amino 
acids essential for the growth of Lactobacillus casei (5) have been determined 
qualitatively. 

The present investigation of the nitrogen requirements of Lactobacillus 
arabinosus has led to the discovery of the several amino acids necessary for 
the growth of this bacterium. 


Method 


Pollack and Lindner (4) have shown that a synthetic medium composed 
of twenty amino acids, salts, dextrose, sodium acetate, vitamins, and 
adenine, guanine, and uracil will support growth of Lactobacillus arabinosus. 
Hence preliminary experiments were carried out in a medium similar to that 
of Pollack and Lindner, with the exception that a different amino acid was 
omitted in each run. Lack of growth as shown by turbidity and acid 
production was taken as evidence of the essential character of the amino 
acid. Subsequent experiments were conducted to determine the level at 
which the amino acid promoted growth. Modifications were made in the 
amino acid content of the medium as levels were determined. The medium 
presented in Table I gave the best growth in the first series of experiments. 
Medium b, obtained after completion of the first series, gave theoretical acid 
production. 

EXPERIMENTAL 


Snell! has shown that at least two strains of the original culture? of Lacto- 
bacillus arabinosus exist: one needs p-aminobenzoic acid; the other, which is 
a mutant, does not. However, this mutant seems to be similar in all other 
characteristics to the original strain. The bacterium used in this study was 
the mutant as determined by its growth in the p-aminobenzoic acid-free 
medium of Lewis (3). 

‘Snell, E. E., private communication. 

?American Type Culture Collection, No. 8014. 
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Stab cultures of the organism were carried on yeast extract-dextrose-agar 
(Difeo), and were subcultured monthly. After transfer, cultures were 
incubated at 30° for 24 to 48 hours, and were then held in the refrigerator. 
Inoculum for assay tubes was prepared by transfer from a stock culture to a 
sterile centrifuge tube of the basal medium supplemented with the ap- 
propriate amino acid. The inoculum was incubated at 30° for 24 hours 
before use. 

The basal medium had the composition shown in Table I. The amino 
acid for which levels were to be determined was omitted from the basal 


medium. 
TABLE I 
Basal Medium 
per cent | p.p.m 
Glucose ] | l(—)-Leucinef . &0 
Sodium acetate 0.6 | dl-Isoleucinet 50 
; p.pm. | dl-Valinet L Sey 50 
Adenine 10 l(—)-Cystinet...... 10 
Guanine 10 di-Methioninet........... 20 
Uracil : 10 | l(—)-Tryptophanef........ 10 
Thiamine 0.1 l(— )-Tyrosine 54 10 
Riboflavin 0.2 dl-8-Phenylalanine 20 
Nicotinic acid 0.2 | 17+)-Glutamic acidt 200 
Biotin 0.0004) dl-Threoninet 100 
Pyridoxine 0.1 dl-Alanine " she 200 
Pantothenic acid 0.1 l(—)-Asparagine or aspartic acid.. 160 
p-Aminobenzoic acid* 0.01 l(+-)-Lysine 40 
Salts A and B (see text) I+ )-Aratnine - 10 


* p-Aminobenzoic acid was introduced into the medium before receipt of Snell’s 
communication. The bacterium was checked for requirement of p-aminobenzoic 
acid before and after these experiments. 

+t Essential for Lactobacillus arabinosus. 


Salts A and B were those of Snell and Wright (1). ToSalts B were added 
a few drops of concentrated hydrochloric acid to prevent precipitation. 
0.5 ml. each of Salts A and B was used for each ten test-tubes. 

Adenine, guanine, and uracil,’ thiamine, calcium pantothenate, ribo- 
flavin, and pyridoxine stock solutions were prepared and stored as directed 
by Snell and Wright (1). Nicotinic acid and biotin‘ were made up in 50 
per cent ethanol to prevent bacterial decomposition. p-Aminobenzoic acid 
was prepared in glacial acetic acid and stored in amber ware. 


* Eastman Kodak Company products. 
*S. M. A. Corporation concentrate, No. 5000. 
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Procedure 


Experiments were performed according to accepted microbiological pro- 
cedure (1,6). The amino acids’ were weighed individually for each run and 
were dissolved in distilled water or a few ml. of hydrochloric acid. They 
were then made up to a convenient predetermined volume. The media, 
which were made double the final concentration, were adjusted to pH 
6.6 to 6.8 with 1 N sodium hydroxide and diluted so that there were 5 ml. of 
medium per test-tube. 1 to 5 ml. of the standard amino acid solutions, 
neutralized to pH 6.8, was added to the tubes at ten levels chosen from pre- 
liminary curves. For lysine, for example, these were 0, 20, 40, 60, 80, 100, 
120, 160, 240, 400 y per test-tube. Each was diluted with 5 ml. of the basal 
medium and sufficient water to make a total volume of 10 ml. The tubes 
were plugged with cotton and sterilized by autoclaving 15 minutes at 15 
pounds pressure. After cooling to room temperature, they were inoculated. 
All tubes were set up in duplicate for each experiment. 

The cells from a 24 hour culture of inoculum grown in a 15 ml. Pyrex 
centrifuge tube were centrifuged aseptically and then washed two to four 
times by suspension in sterile 0.9 per cent saline and centrifuging. The 
bacteria were finally suspended in 30 ml. of saline. 1 drop (0.03 ml.) was 
used per test-tube. Aseptic precautions were observed. The tubes were 
incubated at 30° for 72 hours. 

Measurement of Response—Titration of the lactic acid produced was em- 
ployed as a measure of response. Brom-thymol blue was a satisfactory 
indicator. Titrations were reproducible to 0.1 ml. of 0.1 N sodium hy- 


droxide. 
Results 


Results of several series of experiments at two different concentrations of 
amino acids in the basal medium are presented in Table II. These results 
indicate that the amino acids may be divided into three groups with respect 
to their action on the growth of Lactobacillus arabinosus; namely, essential, 
non-essential, and auxiliary. Auxiliary amino acids include tyrosine and 
phenylalanine, which are found essential with Medium a but not with 
Medium b. 

Curves are presented for tryptophane (Fig. 1) and arginine (Fig. 2). 
Curve A (Fig. 1) was obtained with a hydrolyzed casein medium and a 
tryptophane supplement. The excellent agreement between Curves A and 
B, which was obtained with the medium presented in Table I, indicates that 


*’ Amino acids were of c.P. or analytically pure grade of Amino Acid Manufac- 
tures, University of California at Los Angeles. Threonine, tryptophane, and 
cystine were from Merck and Company, Inc. 
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the factor limiting growth in Curve B is tryptophane and not the total 
amount of amino acids. Arginine is unique. The curve presented was 
obtained on five occasions. Experiments on this effect were not made with 
Medium b. 

















Taste II 
Effect of Amino Acids on Growth of Lactobacillus arabinosus 
Coneen- los w acid Concentration st Concetra- |HRCERt Concent 
Amino acid fe bess! ahen ast ——_—_—_—__——— beoal ow mesiogn 

7) 2 is omitted* oe + Medium dt growth growth 

p.p.m. mi. p.p.m. p.pm.| P.pm. p.p.m. p.p.m. 
Glutamic acid..... 200 0.8 20 80 100 12 80 
Threonine.... 100 1.2 8 40 200 10 30 
Leucine. . 50 0.5 2 8 200 3.5 12 
Isoleucine a 50 0.3 3 10 200 5 2 
Valine... , ; 50 0.3 3.5 10 200 6 16 
Methionine....... 20 1.1 2.5 10 100 3.2 12 
Cystine » [eee et 10 0.8 0.5 2.0; 100 2.0 8.0 
Tryptophane...... 10 0.4 0.4 1.6, 33 0.6 2.0 
Tyrosinef..... 10 0.8 0.12 0.5 33 
Phenylalaninet 20 1.1 3.0 12.0; 100 
Lysine 40 3.0 S 40 200 
dl-Alanine 200 4.0 20 80 200 
Arginine$ 10 3.0 | (See Fig. 2)} 10 50 
Asparagine 160 3.3 40 | 200 400 
Histidine % 7.0 50 
Glycine** 7.2 
Serine** 5.8 
Proline** 6.1 
Hydroxyproline** 7.7 


* The acid production when no amino acid of the above is omitted was 7.1 ml. 
t The maximal acid production for basal Medium b varied from 8 to 11 ml. of 


0.1 N acid. 
t Tyrosine and phenylalanine could not be shown essential for Lactobacillus ara- 


binosus on basal Medium b. 
§ Arginine has three values for half maximal acitl production. This is shown in 
Fig. 2. The acid production when arginine was omitted varied considerably. 
Asparagine and aspartic acid could be substituted for each other. 
{ Histidine increased acid production at a level of 10 to 100 p.p.m. 


** Omitted from basal Media a and b. Each was assayed at 100 p.p.m. 


Experiments with basal Medium b increased the acid production of 6 to 8 
ml. of 0.1 Nacidto8tollml. Theoretical production is11.0ml. Glycine, 
serine, proline, and hydroxyproline were completely without effect on 
Medium a at levels up to 5 mg. per test-tube. Histidine at levels of from 
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10 to 100 parts per million raised 72 hour acid production with Medium a 
from 7.5 to 8.5 ml. and 84 hour production from 8.5 to 9.5 ml. Efforts to 
increase growth in Medium a by increasing glutamic acid to 10 mg. per tube 
caused slight inhibition of growth. 
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Fic. 1. Response of Lactobacillus arabinosus 17-5 to added tryptophane. The 
dotted line indicates change of scale in the abscissa. The points plotted are the 
average of two observed values. All curves were obtained on two separate oc- 
easions. Curve A, hydrolyzed casein medium; Curve B, synthetic amino acid 


medium. 
Fic. 2. Response of Lactobacillus arabinosus 17-5 to added arginine. The points 


plotted are the average of two observed values. 


DISCUSSION 

Hutchings and Peterson (5) have shown an inhibitory effect of amino 
acids on the growth of Lactobacillus casei. Of those amino acids studied 
here, arginine showed one level of inhibition and two of stimulation. This 
is quite distinct from the work on Lactobacillus casei, in which the effect 
concerned the reciprocal effects of several amino acids and not different 
levels of the same acid. 

Theoretical acid production was obtained with the isoleucine, leucine, 
and valine series with basal Medium b. Hence these experiments complete 
the study of factors essential for the growth of Lactobacillus arabinosus. It 
does not eliminate substances which may cause more rapid growth. 

Assays of unknown amino acid mixtures have been made by the above 
techniques and will be reported elsewhere. 


SUMMARY 
Cystine, methionine, tryptophaue, leucine, isoleucine, valine, glutamic 
acid, and threonine have been shown essential nutrilites for Lactobacillus 
arabinosus. Quantitative requirements have been determined. 
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A new effect of an amino acid on growth has been shown; namely, two 
levels of stimulation for arginine with an intermediate range of inhibition. 


Thanks are due Miss D. Johnson for assistance with the manuscript. 


BIBLIOGRAPHY 


Snell, E. E., and Wright, L. D., J. Biol. Chem., 189, 675 (1941). 
. Isbell, H., J. Biol. Chem., 144, 567 (1942). 
Lewis, J. C., J. Biol. Chem., 146, 441 (1942). 
Pollack, M. A., and Lindner, M., J. Biol. Chem., 143, 655 (1942). 





or go tS 


Hutchings, B. L., and Peterson, W. H., Proc. Soc. Exp. Biol. and Med., 62, 36 


(1943). 
6. Snell, E. E., and Strong, F. M., Ind. and Eng. Chem., Anal. Ed., 11, 346 (1939), | 











> 2 et Gh thet wee aa 


~I 














A PHOTOMETRIC MICROMETHOD FOR THE DETERMINATION 
OF INULIN IN SERUM AND URINE 


By HELEN RANNEY anp D. J. McCUNE 


(From the Department of Pediatrics, College of Physicians and Surgeons, 
Columbia University, and the Babies Hospital, New York) 


(Received for publication, July 6, 1943) 


The application of the inulin clearance test to infants and children has 
been held back by lack of a quantitative method for inulin which requires 
only small samples of blood. 

The technique of Alving and coworkers (1), based upon the hydrolysis of 
inulin to fructose and the subsequent reaction of the latter with diphenyl- 
amine, is widely used in adults. Harrison (2) modified this procedure by 
substituting a less volatile liquid, glacial acetic acid, for ethanol as the 
solvent of the diphenylamine; he also reduced the required volume of serum 
from 5.0 to 0.2 ce. However, diphenylamine yields considerable color 
with glucose; hence glucose must always be removed from the serum and 
sometimes from the urine by treatment with yeast before inulin can be 
determined. More recently Hubbard and Loomis (3) have applied Seli- 
wanoff’s reaction, specific for fructose, to the measurement of inulin. While 
this method eliminates the need for fermentation, it is less sensitive than 
Harrison’s technique for the diphenylamine reaction and requires a larger 
sample. 

Jordan and Pryde (4) noted that a color is formed by the interaction of 
fructose and skatole under proper conditions. Reinecke (5) adapted this 
reaction to the quantitative measurement of fructose in the blood. We 
have applied Reinecke’s procedure for fructose to the quantitative deter- 
mination of inulin in serum and urine. 


Method 


To 5.0 cc. of dilute tungstic acid 0.2 cc. of serum is added with a calibrated 
Hagedorn-Jensen blood pipette. The proteins are separated by centrifug- 
ing and 2.0 ce. of the supernatant liquid are transferred to each of two 
Bailey-Myers sugar tubes calibrated at 10 cc. To each are then added 4 
cc. of saturated ethanolic hydrogen chloride. The contents are stirred 
with a glass rod which is left in the tube. The mouth is closed loosely with 
a glass sphere and the tubes are heated for 30 minutes in a water bath at 
60°, then cooled for 2 to 4 minutes in an ice bath. To each is added 0.1 
ce. of 1 per cent skatole dissolved in 95 per cent ethanol. Between 5 and 
7 minutes later the contents are stirred and diluted to 10 cc. with 95 per 
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cent ethanol, the stirring rod being removed during dilution. Final mixing 
is accomplished by inversion against a clean cork and the tubes are again 
heated for 1 minute in the bath at 60°. This hastens the resolution of a 
precipitate which may form in the cold. The colored solution is poured 
into an Evelyn colorimeter tube and read between 10 and 15 minutes later, 
a filter with a maximum transmission at 520 my being used. Urine is 
diluted to contain from 5 to 10 y of inulin per cc. and is treated in the same 
manner as the serum. 2 cc. of the urine are used for each determination. 

Values are read from a calibration chart. This is prepared by applying 
the foregoing treatment to solutions of inulin’ whose concentrations are 


TABLE | 
Recovery of Inulin Added to Serum and Urine 


The values are in mg. per 100 cc. For the recoveries from urine the urine was 
diluted 1:100, the lowest dilution which is likely to be used in clearance tests. We 
have encountered no urine which in this dilution absorbs more light at 520 my than 
distilled water does. Hence the blank is uniformly zero. 








Added Blank Recovered Percentage recovery 
Serum 5.88 | 0.32 6.08 | 98 
5.88 0.32 6.42 104 
5.88 0.00 5.80 99 
7.35 0.57 7.82 99 
7.35 0.57 7.97 101 
7.35 0.30 7.83 102 
7.35 0.30 7.88 103 
9.80 0.27 10.05 100 
9.80 0.27 10.35 103 
9.80 0.27 10.11 100 
Urine 11.76 0.00 11.70 99 
11.76 0.00 11.60 99 
7.64 0.00 17.25 98 


23.52 0.00 23.18 99 


equivalent to between 0 and 10 y per cc. of the tungstic acid filtrate. In 
preparing the calibration chart and in the analyses a blank of 2.0 ee. of 


1 We have not been able to prepare a sample of inulin which can be regarded asa 
reduplicable primary standard. The chromogenic value of different preparations of 
inulin varies considerably. This does not appear to depend so much upon the source 
of the inulin (5) as upon the method of recrystallization and the time and temperature 
of drying. We have, however, consistently obtained preparations which contain no 
fermentable reducing substances and are non-irritating when injected subcutaneously 
by precipitating Pfanstiehl’s inulin from aqueous solution with 95 per cent ethanol 
five to ten times. Charcoal is added to the watery solution during the first two re- 
erystallizations. The yield is between 50 and 75 per cent. The purified inulin is 
stored as a mixture which contains an approximately equal weight of ethanol. 
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distilled water is used. The blank can be kept virtually colorless by em- 
ploying a good grade of redistilled 95 per cent ethanol both for the ethanolic 
hydrogen chloride and for subsequent dilutions. The interfering color 
which is produced by the interaction between skatole and ethanolic hydro- 
gen chloride in the absence of fructose is minimized by making the dilution 
with ethanol within the interval between 5 and 7 minutes after the addition 
of the skatole solution. Under these circumstances the relation between 
the concentration of inulin and the optical density of the solutions is virtu- 
ally linear. Ina representative calibration K, the proportionality constant 
relating optical density to concentration in mg. per 100 cc. of serum (6), 
varied less than 1 per cent from the value 0.0238 with concentrations of 
inulin between 3.8 and 15.3 mg. per 100 ce. If the blank is colored, this 
relation may not hold so exactly. Hence, if the blank is distinctly pink, 
it is advantageous to read the solutions of unknown concentration against 
astandard solution of inulin. With this in the photometer the galvanome- 
ter is set at the reading which was found to correspond with the chosen 
concentration during calibration. Reading against a standard is also 
profitable if more than ten determinations are to be made at one time. 
The rate of development of color is slightly modified by the time of adding 
the reagents; using a standard for each ten determinations yields more 
accurate results. 

The serum of healthy children usually yields a color equivalent to about 
0.5 mg. of inulin per 100 cc. Hence in carrying out clearances or recoveries 
it is necessary to analyze a sample of serum before inulin is injected or 
added. Urine is so diluted for analysis that the blank is negligible. 

The standard error of measurement in twenty-seven recoveries of inulin 
added to serum in concentrations of from 4 to 10 mg. per 100 cc. was +3.4 
per cent. Typical recoveries at various concentrations are shown in 
Table I. 

SUMMARY 

A method is described which permits the quantitative estimation of inulin 
in smali samples of serum and in urine without resort to fermentation. A 
tungstic acid filtrate of serum is employed. Reinecke’s ethanolic hydrogen 
chloride solution and skatole are used to develop a color which is estimated 
in the Evelyn filter photometer. 
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THE COLORIMETRIC DETERMINATION OF CHOLESTEROL 


By WARREN M. SPERRY anp FLORENCE C. BRAND 


(From the Departments of Biochemistry, New York State Psychiatric Institute and 
Hospital and the College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, July 20, 1943) 


It is widely recognized that most of the methods in general use for the 
determination of cholesterol, based on the Liebermann-Burchard color 
reaction, are unsatisfactory, and the principal sources of inaccuracy are 
known; but it does not appear to be realized that large errors may result 
from relatively small variations in procedure. Recently we were stimulated 
to investigate the colorimetric estimation of cholesterol by a request that 
we recommend a procedure for inclusion in the “Technical manual of 
| methods for laboratory technicians of the War Department.”” Over 550 
known and unknown samples were read under various conditions. Some 
of the findings are presented here primarily to direct attention to the po- 
tential inaccuracies in cholesterol methods as they are ordinarily used. A 
procedure with which good analyses can be obtained will be summarized 
and the sources of error will then be discussed in relation to the steps of that 


procedure. 
Procedure 


Pipette 0.4 cc. of blood serum into approximately 5 ce. of alecohol-acetone 
(1:1) in a 10 ec. volumetric flask (or 1 ce. of serum in a 25 cc. flask if rep- 
licate determinations are desired) with swirling of the solution, bring the 
solvent to a boil on the steam bath, cool the flask, make up to the mark with 
alcohol-acetone, mix, filter, and pipette 5 cc. of the filtrate into a 25 ce. 
Erlenmeyer flask to which 0.15 cc. of potassium hydroxide solution (10 gm. 
in 20 cc. of water) has previously been added. Swirl the liquid gently at 
intervals until the alkali has mixed completely with the alcohol-acetone, 
place the flask in an incubator at 37-40° for 40 minutes, add 1 drop of 
phenolphthalein solution, titrate with 10 per cent acetic acid in absolute 
alcohol (about 0.6 cc. should be required’), add 1 drop excess, and evaporate 
just to dryness on the steam bath with the aid of a stream of air applied by 
means of suction through a glass tube, bent to avoid contamination from 
the rubber connection and clamped about 2 cm. above the surface of the 
solution. Cool the flask, add 0.1 ec. of 50 per cent alcohol without delay, 


' The solution of acetic acid slowly loses strength through the formation of ethy] 
acetate. ; 
315 
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and wash down the wails of the flask with about 3 cc. of petroleum ether, | 4 
Swirl gently at intervals until the salt dissolves and a clear separation of the | ‘ 
two liquids occurs. If the salt does not dissolve completely within 19 
minutes, add 0.05 cc. more 50 per cent alcohol. Decant the petroleum | ' 
ether through a small funnel into a dry $ or 1 ounce bottle, equipped with a 
well fitting glass stopper, with care that none of the aqueous layer is carried 
over. Repeat the washing with small portions of petroleum ether five 
times more and evaporate the combined extracts to complete dryness by F 


placing the bottle in a small beaker of cold water which is heated on the | 
steam bath while a stream of air is applied by means of a suction line as | 1 
before. If there is any doubt that the residue is dry, add a few drops of 
absolute alcohol, rotate the bottle so the walls are wet, and repeat the | 
drying process. 

Development of Color and Reading—Adjust to 24° a water bath placed in 
a dark cabinet (a packing box, equipped with a door, will serve) and main- 
tain the temperature at this point throughout the development of color 
by adding hot or cold water as needed. Pipette 5 cc. of acid-free chloro- 
form into each bottle containing dried serum extract and 5 cc. portions of 
standard solutions containing 0.24, 0.4, and 0.6 mg. of pure cholesterol in 
chloroform into three similar bottles. Stopper and place the bottles in the 
water bath, using a support, such as a wire basket, so that they will not tip 
over. Measure 20 cc. of pure acetic anhydride into a suitable glass-stop- 
pered container and chill in an ice bath. Add 1 cc. of concentrated sulfurie 
acid with shaking while the container is kept in the ice bath.? Start a stop- 
watch. At about 9 minutes remove one of the standard samples from the 
24° bath, wipe the bottle dry, add 2 cc. of the cold reagent, shake the bottle 
for 10 seconds, and return it to the bath. The time of starting this process 
will depend on the time it requires (speed of the pipette, etc.); it should be | — 
so timed that the bottle is returned to the bath at 10 minutes +5 seconds. 
The interval between samples will be determined by the time required for I 
making a reading, to be established by practice. The color must be de- | th 
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veloped in all samples with exactly the same technique and with the same 
timing. Read in a colorimeter between 17 and 18 minutes after the bottle } 
is returned to the bath against a solution containing 14 mg. of naphthol | Bu 
green B per 100 cc. The dye solution is standardized against each of the | ™ 
three standard cholesterol solutions and the unknown solutions are read oo 
against the “standard setting” of the dye with which they are in closest | ,.. 
agreement. If a light filter with maximal transmission at about 625 my 55 | the 
? This mixed reagent is now being used in the method of Schoenheimer and Sperry ra 
(1). A description of this procedure with some modifications (2,3), which have been | 14 


adopted since the original publication, is being prepared and will be available on | yg), 
request. 
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available, an ink standard as described by Shapiro, Lerner, and Posen (4) 
or neutral gray filters may be used in place of the dye solution. 

The degree of variation among replicate determinations carried out with 
this procedure on 50 cc. extracts of 2 cc. portions of serum is shown in Table 


TaBLe I 
Variation among Replicate Determinations by Proposed Method 
2cc. portions of serum were extracted in 50 cc. volumetric flasks. 5 cc. portions 
of the extracts were analyzed by the proposed method and 1 cc. portions by a modi- 
fication of the method of Schoenheimer and Sperry (1). All sera, except Sera 7, 8, 
10, 13, and 15, were pooled samples. 




















Proposed method wages of 
Seram No. | ——— — ee | beimer 
Replicate determinations Average and Sperry 
| mg. per 100 ec. Tk. | te. 
a. 232, 228, 233, 228, 234, 230, 231, 232 231 | 233 
2 230, 233, 234, 231, 231, 234, 230, 231 232 | 230 
3 227, 206% 228, 227, 226, 228, 234, 235 2290 | 228 
4 231, 233, 231, 242, 237, 234, 240, 229 235 | 236 
5 221, 218, 221, 222 221 | 219 
6 226, 217, 222, 213 220 223 
7 242, 244, 241, 249, 245, 244, 239 243 240 
8 184, 183, 185, 185 1% | 181 
9 233, 230, 233, 233 232 235 
10 180, 178, 180, 182, 180 180 176 
aE 256, 250, 240, 256, 243 249 246 
is | 220, 227, 227, 217 223 217 
13 | 220, 219, 218, 216 218 214 
4 | 238, 234, 239, 235 237 240 
6b | 216, 216, 221, 219 218 223 











* Probably not dry; omitted from the average. 


I. 1 ce. portions of the same extracts were analyzed by a modification® of 
the method of Schoenheimer and Sperry.* 


* Dimter (5) reported recently that a substance which gives a positive Liebermann- 
Burchard reaction, but which is not precipitated by digitonin, is present in the 
unsaponifiable fraction of human serum. The close agreement (Table I) of values 
yielded by a method in which the color reaction is applied directly with those obtained 
with a procedure in which the cholesterol is first isolated as the digitonide is not in 
aecord with this finding unless the substance occurs in very small quantity, within 
the limits of error of the methods. Dimter gives no information concerning the quan- 
tity of the unknown substance, or substances, in serum, though he implies that it is 
present in considerable amount. In one of his fractions, the Liebermann-Burchard 
reaction developed very slowly and it is possible that the color had not yet developed 
under the conditions employed in the present investigation. 
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DISCUSSION 

Necessity of Saponification—In 1917 Bloor (6) reported that the Lieber. 
mann-Burchard color developed more rapidly with blood extracts than with 
pure cholesterol. The difference became larger as the temperature wags 
decreased. A hint at the reason for this effect was given by Gardner and 
Williams (7) in their incidental observation that cholesterol benzoate and 
acetate gave values which were 5 and 11 per cent, respectively, too high 
with the colorimetric procedure. Many years later the explanation became 
clear with the finding, made independently by Reinhold (8), Yasuda (9), 
Noyons (10), and Kelsey (11), that esterified cholesterol develops color at 
a more rapid rate, or to a greater extent, than does free cholesterol. The 
difference was found by Reinhold to be so large at 0-2° as to permit the 
differential estimation of combined cholesterol. Kelsey reported an ex- 
periment in which he measured the course of color development in solu- 
tions of cholesterol and of cholesterol palmitate at 23°. With this excep- 
tion, no systematic study of the magnitude of the effect under the con- 
ditions ordinarily employed for cholesterol determination has been 
reported. 

In a series of experiments the color was developed with the technique 
described above, or in some cases with separate addition of acetic anhy- 
dride and sulfuric acid, in solutions of recrystallized cholesterol (m.p. 147.5- 
148°, uncorrected) and of cholesterol palmitate (m.p. 78-79°, uncorrected), 
containing equivalent quantities of cholesterol. Sufficiently large volumes 
were employed so that a series of readings could be carried out on the same 
solution over a period of time. Portions were withdrawn with a transfer 
pipette without removing the solutions from the bath. In each exper- 
ment the cholesterol and the ester were carried through side by side under 
conditions as nearly identical as could be maintained. The two solutions 
were read alternately in a photoelectric photometér (12) with Corning 
light filters No. 244 and No. 978. Typical results of two such experiments 
are shown in Fig. 1. It will be seen that there was a considerable difference 
between cholesterol and the palmitate, not only in the density of color at 
the maximum, but also in the rate of color development. With the ester 
more color was produced and the maximum was reached earlier than with 
cholesterol. The findings are in general agreement with those of previous 
investigators, but they differ in detail from the results reported by Kelsey 
(11) who found that the curves yielded by cholesterol and its palmitate at 
23° were approximately parallel, with a maximum at about 15 minutes i 
each case, and that the difference between maxima was about 30 per cent. 
In accord with the results of Bloor (6) and of Reinhold (8) our experiments 
show a considerable temperature effect. The percentage difference be 
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tween maxima was about the same at 20° and at 24°, but there was a much 
larger difference in the time at which the maximum was reached at the 
lower temperature. 

Since in most colorimetric methods in general use a saponification step 
js not included, and since blood serum contains a high proportion of cho- 
lesterol esters, this factor represents a source of considerable error and, as 
stressed by Kelsey (11), probably accounts, at least in part, for the high 
yalues usually obtained by these methods. It is possible that the un- 
saturated esters which characterize blood serum (13) may not behave like 
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Fic. 1. Curves showing the rate of color development in solutions containing 
equivalent quantities of cholesterol in the free and combined forms. @ free choles- 
terol; © cholesterol palmitate; solid lines, color developed at 24°; broken lines, color 
developed at 20°. 


the palmitate, but there is strong evidence against this assumption: (a) the 
observations reported by Bloor (6); (b) the findings by Noyons (10) of 17 
per cent lower values with the digitonin method than with the colorimetric 
method applied to unsaponified serum extracts, and of 24 per cent lower 
values following saponification than without saponification with the colori- 
metric method; and (c) Yasuda’s report (9) that the oleate gives about the 
same high result as the palmitate and stearate. 

Extraneous Color—Most workers with colorimetric methods for choles- 
terol determination have been troubled by off shade colors, occurring more 
or less at random. In recent years the difficulty has been overcome to a 











320 DETERMINATION OF CHOLESTEROL 
considerable extent by the use of filters which mask out the extraneous 
yellow or brown colors. We have carried out no systematic study of this 
factor, but some observations are pertinent. In one instance a series of 
samples was allowed to stand overnight at room temperature after incuba- 
tion without acidification. A brownish yellow color developed in all samples, 
With the dry extraction procedure then in use some of this color was car- 
ried into the final chloroform solutions and it was difficult or impossible to 
obtain satisfactory readings. Bloor, Pelkan, and Allen (14) called atten- 
tion to the danger of heating with strong alkali. For this reason we recom- 
mend the use of the mild conditions for saponification employed in the 
method of Schoenheimer and Sperry (1), and acidification without delay, 

During the early part of this study an alcoholic solution of hydrochloric 
acid was used for acidification. In some cases a brown color was seen to 
develop during evaporation just before dryness was reached and almost im- 
mediately the solvent refluxing in the suction tube became deeply yellow, 
while the color in the residue decreased. Apparently some partially volatile 
pigment was formed by action of hydrochloric acid. This difficulty was 
avoided by the use of acetic acid. 

With the method as described no trouble with extraneous colors has been 
experienced. We attribute this result not only to the factors mentioned, 
but also to the wet extraction procedure. Fairly good results were ob- 
tained by extracting the dry residue with petroleum ether or chloroform, 
but off shade colors were sometimes encountered and the values were more 
variable than those obtained with extraction from water and alcohol. The 
yellow color which is usually present appears to be retained in the aqueous 
alcohol layer. 

Extraction after Saponification—After the development of color during 
evaporation in the presence of hydrochloric acid was discovered, two pro- 
cedures of neutralization were investigated: (a) titration with hydrochloric 
acid followed by alkalization with a drop or two of dilute potassium 
hydroxide solution, and (b) titration with acetic acid. In addition in some 
experiments sodium hydroxide was used as the saponifying agent and 
titrated with acetic acid. All of these procedures were studied in con- 
junction with dry extraction with various solvents (petroleum ether and 
chloroform for the most part) and with petroleum ether extraction after 
the addition of water. Aside from the variation already noted dry ex- 
traction has the disadvantage of requiring filtration. Petroleum ether ex- 
tracts from samples to which water alone was added tended to be cloudy 
and the results were usually low. The addition of alcohol facilitates the 
separation; it may be used under the conditions described because potas- 
sium acetate is very soluble in alcohol. This salt has the disadvantage of 
being deliquescent, but this gives no trouble if the extraction is carried out 


immediately after drying. 
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Development of Color. (a) Method of Adding Reagents—In practically all 
methods for the colorimetric estimation of cholesterol acetic anhydride 
and sulfuric acid are added separately to the chloroform solution. It is 
difficult to measure accurately the small quantity of sulfuric acid and this 
has been recognized as a potential source of error. Furthermore, since heat 
is produced rapidly after addition of the acid, and since the development 
of color is greatly affected by temperature, variations in the amount of acid, 
in the speed of addition, and in the speed of mixing may have a marked ef- 
fect on the final result. That this is the case is indicated by the data pre- 
sented in Fig. 2. Equal volumes of a solution of cholesterol in chloroform 
were placed in glass-stoppered cylinders such as are used in most methods 
for the development of color. After the temperature had been adjusted 
to 24°, acetic anhydride was added and mixed well with the chloroform. 
Sulfuric acid was then added from a micro burette, as described by Schoen- 
heimer and Sperry (1), the solution was mixed thoroughly, and the cylinder 
was returned to the bath. Samples were read in the photoelectric photom- 
eter at the times after addition of the acid indicated in Fig. 2. Although 
every attempt was made to maintain exactly the same conditions through- 
out the procedure, in only two of the eight samples did the curves of color 
development coincide almost exactly. At the extreme there was a differ- 
ence of 11 per cent between maxima. We are convinced from the foregoing 
experiments and from much experience with the Liebermann-Burchard 
reaction that the whole course of color development and the density of color 
produced at the maximum are determined, other factors being constant, 
by the events occurring immediately after the addition of sulfuric acid. 

To avoid these difficulties Shapiro, Lerner, and Posen (4) employed a 
mixture of acetic anhydride and sulfuric acid. These substances react 
rapidly to form acetyl sulfuric acid with the evolution of considerable heat, 
and this reaction is followed by the much slower formation of sulfoacetic 
acid (15). Shapiro et al. cautioned that the mixed reagent is stable for 1 
hour only. With a reagent mixed at room temperature according to their 
directions we obtained constant readings up to 35 minutes after mixing, 
but there was evidence of some change at 45 minutes (Table II). Constant 
results were obtained up to 1 hour after mixing with a reagent mixed and 
kept at ice bath temperature (Table II), and in other experiments only a 


small change was observed at 110 minutes under these conditions. With 


this reagent satisfactorily consistent results have been uniformly ob- 
tained. 

(b) Effect of Temperature—Although it has been known for many years 
that the development of color in the Liebermann-Burchard reaction is in- 
fluenced by temperature (6), in most methods little attention is paid to the 
control of this variable. Ranges of 20-25° are specified in some pro- 
cedures. An indication of the variation which may occur within this range 
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may be obtained by comparing the curves for free cholesterol at 20° and 24° 
in Fig. 1. The color developed much more slowly at the lower temperature 
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Fic. 2. Variation in development of color in the Liebermann-Burchard reaction 
with separate addition of acetic anhydride and sulfuric acid. All samples contained 
the same amount of cholesterol and were treated under conditions as nearly identical 


as possible. 


TaB_e II 
Stability of Acetic Anhydride-Sulfuric Acid Reagent 
The data represent color density as read in a photoelectric photometer. 





Reagent mixed at room temperature Reagent mixed in ice bath 











Time of tl ~ . Time of PE RIS 
reading : ’ reading 
after Time after mixing reagent after Time after mixing reagent 
ey ee ee ee ee hk adding pee ee 
reagent ’ reagent : r ‘ 
15min. | 25 min. | 35 min. | 45 min. 5 min. 20 min. 40 min. | 6 min. 
min. 


| 
min. | 
12 | 0.276 | 0.261 | 0.265 | 0.255 12 | 0.640 | 0.644 | 0.653 | 0.654 
14 | 0.326 | 0.319 | 0.316 | 0.287| 18 | 0.602) 0.611 | 0.602 | 0.606 
16 | 0.368 | 0.368 | 0.367 | 0.352) 24 | 0.553 0.562 | 0.561 | 0.561 
is | 0.415 | 0.409 | 0.389 30 | 0.509! 0.523 | 0.520 | 0.520 


20 =| 0.444 | 0.446 | 0.439 | 0.425 
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and reached a higher maximum. Except at the point where the curves 
cross (19 minutes) comparisons between two solutions in which color was 
developed at these two temperatures would be grossly in error. When 
the acetic anhydride and sulfuric acid are added separately, the effect of 
temperature may be even greater; in one experiment a difference of 35 per 
cent between the maxima developed at 20° and 25° was observed. 

It may be argued that the effect of temperature is not important because 
standards and unknowns are treated side by side under the same conditions. 
This is true to a certain extent if a bath is used, but when the containers 
are allowed to stand in the air during color development, as in many 
methods, there is no assurance that the temperature is the same for all 
samples. The development of heat at the start may vary, as already 
pointed out, and the rate at which the heat is dissipated may vary with the 
thickness of the glass walls of the containers and perhaps with other factors. 
In some methods the use of a bath is recommended, but no particular tem- 
perature is specified. This is not sufficient, because for good results the 
temperature and time must be so controlled that the reading is taken at the 
point of maximal density where the rate of change is ata minimum. Meas- 
urements during the period when color is developing rapidly are particularly 
subject to error (cf. Fig. 1). 

(c) Effect of Time—The importance of developing the color for the same 
length of time in all samples is apparent from the foregoing discussion. The 
common practice of reading several unknown samples against a single stand- 
ard cholesterol solution introduces a large potential source of error, since 
the color of the standard is changing during the time the readings are car- 
ried out. 

It will be noted (Fig. 1) that a much broader maximum is obtained at 20° 
than at 24°. By working at the lower temperature considerably more 
latitude in timing would be permissible. However, it is difficult to main- 
tain a bath at 20° during warm weather and for this reason we selected 24°. 
At higher temperatures the color develops too rapidly. 

Brown Color—After several hours the green color of the Liebermann- 
Burchard reaction fades out and a yellowish brown color supervenes. 
Whereas the development of green color is entirely empirical and is in- 
fluenced by several factors as discussed above, it seemed possible that the 
density of the brown color, which appears to be an end-result of the reaction, 
might be proportional to the amount of cholesterol without regard to the 
conditions under which the color was developed. Hence in a number of 
the foregoing experiments and others not reported here the residual solu- 
tion was retained overnight and the color was measured in the photo- 
electric photometer with filters having a maximal transmission in the 
violet, where the brown color shows maximal absorption. A wide variation 
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was found. Moreover, it was impossible to read the color accurately in a 


colorimeter. 


SUMMARY 


Under the conditions ordinarily employed for the determination of 
cholesterol by means of the Liebermann-Burchard color reaction large 
errors may occur. 

Saponification is necessary before the estimation of total cholesterol in 
blood serum or tissues containing esterified cholesterol, because in the 
combined form it develops considerably more color at a faster rate than 
does free cholesterol. 

Interference by extraneous colors may be avoided by the use of mild 
conditions for saponification and a weak acid (acetic) for acidification, and 
by extraction from a water-alcohol solution of the acidified residue. 

The development of color may be influenced to a considerable extent by 
small and uncontrollable variations in the procedure of adding acetic anhy- 
dride and sulfurie acid. This source of error may be avoided by mixing 
these reagents beforehand (4). 

Small variations in the temperature at which color is developed have a 
large effect on the time at which the maximum is reached and on the height 
of the maximum. The temperature and time of reading should be selected 
so that the reading is carried out at the maximum, and should be the same 
for each sample in a series of determinations. The common practice of 
reading several unknown samples against one cholesterol standard violates 
this requirement. 

A procedure which avoids these sources of error is described. 
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A MICROBIOLOGICAL METHOD FOR THE DETERMINATION OF 
CHOLINE BY USE OF A MUTANT OF NEUROSPORA 


By N. H. HOROWITZ anv G. W. BEADLE 
(From the School of Biological Sciences, Stanford University, California) 


(Received for publication, July 26, 1943) 


Previous communications from this laboratory have described the pro- 
duction of biochemical mutants in the mold Neurospora by means of ultra- 
violet and x-rays (1, 2). Such mutants are characterized by the inability 
to carry out specific chemical syntheses which normally occur in the un- 
mutated, or wild type, strain. In each case which has been genetically 
analyzed the failure of the synthesis has been found to be related to the 
mutation of a single gene. The strain to be described, known as No. 
34486, or cholineless, arose from a culture of wild type Neurospora crassa 
which had been irradiated with ultraviolet light. It was found to be 
unable to grow in a medium containing only salts, sugar, and biotin, but it 
grew normally on the addition of a mixture of water-soluble vitamins. 
When the components of the mixture were tested singly, it was found that 
the addition of choline alone permitted normal growth. 

Up to the present, no completely satisfactory method for the determina- 
ton of choline in natural products and tissue extracts has been described. 
Chemical methods, such as precipitation of the reineckate, lack specificity, 
while the biological method of Fletcher, Best, and Solandt (3) is time- 
consuming and difficult, and “‘possesses many dangerous pitfalls for the 
chemist’’ (4). The whole subject has been critically reviewed by Best and 
Lucas (4). It was therefore of interest to determine whether the Neuro- 
spora mutant is a suitable test organism in a quantitative assay for choline. 
The experiments to be described show that this is the case and form the 
basis of a simple, sensitive, and specific method for the determination of 
choline in natural products. By this procedure it is possible to determine 
choline in a concentration of 0.02 mg. per liter; routine analyses can be 
run on 106 mg. samples of material. 


Methods 


The basal medium used in these experiments has the following composi- 
tion, in gm. per liter: ammonium tartrate 5, ammonium nitrate 1, mono- 
basic potassium phosphate 1, magnesium sulfate (7H,O) 0.5, sodium 
chloride 0.1, calcium chloride 0.1, sucrose 20, biotin 5 X 10-*. In addi- 
tion, it contains the following trace elements, added as salts, in mg. per 
liter: B 0.01, Mo 0.02, Fe 0.2, Cu 0.1, Mn 0.02, Zn 2.0. The medium is 
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made up without sucrose and biotin, is autoclaved, and is stored in 1 liter 
bottles. Sucrose and biotin are added before the medium is used. For 
convenience in storing, it may be made 3 times as concentrated as indicated 
and diluted before use. 

Stock cultures of the mutant are maintained on agar slants composed of 
the basal medium plus the following: agar 1.5 per cent, Difco yeast extract 
0.2 per cent, malt extract 0.2 per cent, choline 1 y per ml. 

In the assay for choline, the mold is grown in 250 ml. Erlenmeyer flasks 
containing 25 ml. of medium. To inoculate, a spore suspension is made up 
in a few ml. of sterile distilled water, and 1 drop of the suspension is added 
to each flask. The flasks are incubated at 25° for 3 days, at the end of 
which time the pads are removed, pressed out on filter paper, and dried at 
90°. They are then weighed to the nearest half mg. 
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Results 


Growth Studies—The growth rate of cholineless is a function of the con- 
centration of choline in the medium. A typical growth response curve is 
shown in Fig. 1. The normal, t.e. wild type, growth rate is attained at a 
concentration of 50 to 60 y of choline per 25 ml. Under the conditions of 
these experiments the weight of the pads after a 3 day growth period is 
practically independent of the size of the inoculum. Thus, at a concen- 
tration of 2 y of choline per 25 ml. a 16-fold increase in inoculum size raised 
the dry weight from 12 to 16 mg.; at a level of 30 y of choline no increase 
in dry weight occurred. 

The specificity of the response was tested with a wide variety of com- 
pounds. Of the eleven water-soluble vitamins and twenty-two amino acids 
tested only choline and methionine were found to be active. Methionine 
is approximately 0.002 as active as choline. The activity is not increased 
by the simultaneous addition of ethanolamine. Lecithin was the only 
other compound found to be active. Using a sample of pure lecithin, we 
found that 50 per cent of the potentially available choline was utilized in a 
3 day period. The following substances related to choline were inactive: 
betaine, creatine, sarcosine, ethanolamine, dimethylamine, trimethylamine, 
and tetramethylammonium chloride. 

The maximum growth obtainable with methionine after 3 days is con- 
siderably below that reached with choline. This is shown in Fig. 2, the 
data for which were obtained with analytically pure, synthetic dl-methio- 
nine. This result is interpreted as indicating a sparing action of methionine 
on the small amount of choline present in the inoculum. Such an inter- 
pretation is in accord with the known relationship between choline and 
methionine in the rat (5,6). By providing an extra source of labile methyl 
groups, the addition of methionine permits choline to be used for other 
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essential purposes, such as the synthesis of lecithin. On this basis, it is to 
be expected that the effect of the simultaneous addition of methionine and 
choline (at a suboptimal level) will be greater than the sum of the individual 
effects. This was found to be the case (Table I). The most striking evi- 
dence for this conclusion is furnished by the growth of cholineless on agar 
medium in horizontal tubes. In the presence of a given concentration of 
choline the rate of progression of the mycelial frontier, in mm. per hour, 
along the surface is a constant and continues at the constant rate to the 
end of the tube. If, instead of choline, methionine is supplied, the rate 
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Fic. 1. Dry weight of cholineless after 3 days as a function of the concentration of 
choline in the medium. 


first attains a characteristic value depending on the concentration of methi- 
onine and then falls off to zero before the end of the tube is reached. This 
shows that methionine can replace choline in some, but not all, of its func- 
tions; as soon as the store of available choline in the inoculum is exhausted, 
growth ceases. The methyl group of methionine is apparently not used 
for choline synthesis by the mutant. 

Preparation of Materials for Assay—To assay natural products with 
cholineless, the sample is first autoclaved with 3 per cent sulfuric acid for 2 
hours at 15 pounds. This treatment liberates choline from lecithin which, 
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possibly because of its low solubility, is but slowly utilized by the mutant. 
Table II shows that, in the materials tested, hydrolysis is complete within 
2 hours and may be continued without loss of choline for at least 3.5 hours, 
Refluxing with 3 per cent sulfuric acid for 7 hours gave essentially the same 
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Fic. 2. Growth of cholineless on methionine after 3 days (open circles). The solid 
circles show the growth curve on choline obtained simultaneously. 


Tase I 
Effect of Simultaneous Addition of Choline and Methionine on Growth of Cholineless 


Quantities are expressed in mg. of dry weight of mold after 70 hours at 25°. 


Mg. di-methionine per 25 ml. 
Choline per 25 ml. a a a a ee ee. 











0 0.50 1.00 2.50 

mg | 
0 0.5 7.0 10.5 30 
0.002 17 34.5 46 62 
0.030 60 61.5 64.5 75 





result as autoclaving. Following neutralization with barium hydroxide, 
the solution is treated with permutit' in order to separate choline from 


1 Permutit (according to Folin), obtained from The Coleman and Bell Company, 
Norwood, Ohio. 
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methionine. dl-Methionine interferes with the choline assay when present 
in excess of 0.1 mg. per 25 ml. of culture medium. Although this concen- 
tration is fairly high, considering the conditions of mild hydrolysis and 
high dilution in the assay, it may be exceeded in those cases in which the 
material being tested contains much protein and little choline. In any 
case, the permutit treatment is recommended for the reason that it elimi- 


TABLE II 
Liberation of Choline from Natural Products by Various Treatments 


100 mg. samples were hydrolyzed with 10 ml. of 3 per cent sulfuric acid by the 
procedures indicated. Choline content is expressed in micrograms per 100 mg. 











Material — eee! OF : eet oy Eee var 
1 hr. 1.75 hrs.| 2.0hrs. | 2.Shrs. | 3.5 hrs. 
Dried brewers’ yeast.....| 48 262 258 | 266 
ON ee 60 | 81 83 88 
See eee 16 120 | 125 | 119 132 130 138 
Serm-meal...............] 10 31 35 34 | 28 i 37 





* The hydrolysates were not treated with permutit. 


TaBLe III 
Elution of Choline from Permutit 
5 ml. of a solution containing 20 y of choline per ml. were passed through permutit 
columns, followed by 5 ml. of 0.3 per cent sodium chloride. Sodium chloride 
solutions in the amounts and concentrations indicated were then passed through and 
the filtrates assayed with cholineless. 














Sodium chloride solution 
Choline eluted 
Concentration | Amount 
per cent mil. per cent 
0.3 5 0 
1.0 10 55 
2.0 10 84 
3.0 5 80 
3.0 10 90 
5.0 5 80 
5.0 10 100 








nates all non-basic substances which may inhibit or stimulate the growth 
of the mold. 

The adsorption is carried out in columns measuring 110 X 0.6 mm., con- 
taining approximately 1 gm. of permutit. The design of these columns is 
given by Dubnoff and Borsook (7). The best conditions for adsorption 
and elution of choline were determined by running known solutions through 
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the columns and testing the filtrates with the mutant. It was found that 
a permutit column of the above dimensions completely removes the choline 
from 5 ml. of a solution containing up to 0.5 mg. of choline per ml. Re- 
peated tests have shown that adsorbed choline is quantitatively eluted 
with 10 ml. of 5 per cent sodium chloride. The results of eluting with 
various sodium chloride solutions are shown in Table III. 

Methionine is not adsorbed by permutit. Formol titrations made on 
solutions of methionine before and after passing through a permutit column, 
followed by washing with 0.3 per cent sodium chloride, gave quantitative 


recoveries. 
Procedure 


Details of the procedure which has been used in assaying for choline are 
as follows: 

100 mg. of the dry material to be analyzed are weighed into a 50 ml. 
Erlenmeyer flask, followed by 10 ml. of 3 per cent sulfuric acid. The flask 
is plugged with cotton and autoclaved at 15 to 17 pounds for 2 hours. 

After cooling, the contents are transferred quantitatively to a 50 ml, 
Pyrex centrifuge tube and neutralized to Congo red with saturated barium 
hydroxide. The barium sulfate, together with the undissolved residue re- 
maining from the previous step, is centrifuged down, and the supernatant 
is filtered through a Whatman No. 50 paper. 3 ml. of distilled water are 
added to the precipitate in the centrifuge tube and the contents brought to 
a boil, with stirring. After cooling and centrifuging, the washing is added 
to the previous supernatant. The clear filtrate is neutralized to litmus 
with m sodium hydroxide. It is then brought to a convenient volume, 
usually 30 ml., with distilled water. 

5 ml. of the neutralized solution are run through a column of permutit 
of the dimensions described above. If the solution is known to contain 
less than 3 y of choline per ml., 10 ml. are usually run through. The 
column is then washed with 5 ml. of 0.3 per cent sodium chloride. The 
filtrate and washing are discarded. A test-tube marked at 10 ml. is now 
placed under the column, and the choline is eluted with 10 ml. of 5 per cent 
sodium chloride. The filtrate is brought to 10 ml. with distilled water. 
It is usually convenient to adsorb two or more portions of the solution 
simultaneously, in separate columns; in this way, sufficient filtrate is pro- 
vided for an orienting assay in case the choline content is completely 
unknown. 

The solution is distributed among 250 ml. Erlenmeyer flasks, and the 
volume in each flask is made up to 25 ml. with basal medium. Usually 
not more than 5 ml. of the solution being tested is added to a flask. For 
best accuracy, the final concentration of choline should lie between 0.5 
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and 20 y per 25 ml. Each concentration of unknown is made in duplicate. 
At the same time a standard series is set up containing pure choline in a 
range of concentrations from 0 to 20 y per flask. The flasks are autoclaved 
at 15 pounds for 5 to 10 minutes. After cooling, they are inoculated, 
placed in the incubator, and the dry weight of the mycelium determined 
at the end of 3 days. The choline values are calculated in the usual way 
from a plot of the standard series. 


TaBLe IV 
Within-Series Reproducibility of Choline Assays and Recoveries of Added Choline 


Choline found 
Choline Duplicate | Recovery 














Material Filtrate | dry weight Per | of added 
of mold | Per flask | 100 mg. | choline 
| material 
ee Sa meg. ee oe a, Pek 
Dried brewers’ yeast..... 0.5 0 | 22, 23 2.2 | 264 
« a | 1.0 {| O- | 31,31 | 4.3 | 258 
" " i | 2.5 | O | 43,445 | 11.0 | 264 | 
“ “ we 0.5 | 5.0. | 38,40 | 7.2 | 5.0 
n aha SE - 2.5 | 5.0 | 47,48 | 16.4 | | 5.4 
White flour. 0.5 0 | 20.5, 22 2.0 | 120 
eee: 2S eee 1.0 | 0 | 28.5,30.5 | 3.8 | 114 
iin | 25 | 0 | 48,43 | 10.2 | 122 | 
| ee | 0.5 | 5.0 | 38.5,39 | 7.0 | | 5.0 
lila. | 2.0 | 5.0 | 46.5,46.5 | 15.0 6.8 
Corn-meal 2.0 | O | 22.5,23.5| 2.3 | 34.5 | 
a | 3.0 | 0 |27.5,28 | 3.4 | 3 
aes, ana | 6.0 0 34.5,35.5 | 5.5 | 27.5 
«“ | 2.0 5.0 | 39.5, 40 7.5 | | 5.2 
pe OES? Vt kOe ee ee 5.0 | 41.5,40.5 | 8.5 3.0 
ES eee 0 | 24.5,26.5| 2.8 | 84 
= * 2.0 0 35.5,36 | 5.8 | 87 
- 4 5.0 0 43.5,45.5 | 12.2 | 73 
ae, | Wr te ccceenatanaa 1.0 5.0 | 39.5, 40.5 7.6 4.8 
4.0 5.0 | 46, 47.5 15.4 | 4.6 





| 
| 
| 
| 
| 


By the above procedure, choline assays on ten different samples have 
been carried out simultaneously by one worker. 

Reproducibility—Dry weights from duplicate flasks agree within 5 per 
cent, on the average. Choline values determined on different amounts of 
the same solution generally agree within 10 per cent. Recoveries of added 
choline are usually within 90 to 110 per cent of theoretical. Table IV 
shows the results obtained on four different products, all regular com- 
mercial samples. 

It has been found that standard curves obtained on different days are 








5 eo ane ee eet 


RR 


< 








eS 


— . 


332 NEUROSPORA DETERMINATION OF CHOLINE 


not, in general, superimposable. The variation is apparently not related 
to inoculum size, but possibly to the age and condition of the spores. This 
does not affect assay values, which show good day to day reproducibility, 
It is necessary, however, to run a standard series each time a new spore 
suspension is used. 

In Table V is shown the choline content of a number of different natural 
products, as determined with cholineless. Where the results are expressed 
on both a dry and a wet weight basis, the samples were first dried to con- 


TABLE V 


Choline Content of Some Natural Products 


Choline content 


Material par Omg. Remarks 


Wet weight | Dry weight 


Y Y 
Bacon fat. 6.5 
lean. 97 
Beet 7.9 47 Fresh; root only 
Butter 7.9 
Carrot 6.7 45 Fresh; root only 
Coconut milk 0.03 
Yellow corn-meal 34 
Corn steep water concentrate.......| 254 381 
germ ; , 67 
Egg white va 0.3 2.2 | Hard boiled 
fl See ih Sia 1130 2170 ig ¢ 
Dried whole milk Bis ; 81 Commercial brand 
Neurospora +s Shes ac te 64 243 Wild type 
SUL. ood otines oe geared dda mene 19.5 67 New potato; skin included 
OO gigs exes econ eaurcae 89 
ee ee ee 104 
White wheat flour................. | 119 
Commercial brand 


Dried brewers’ yeast............... 262 





stant weight at 90°. In all other cases regular commercial products were 
used without further drying. 


Genetic Analysis 


Cholineless was crossed with the sex-linked character albino. The eight 
ascospores from each of twenty-one of the resulting asci were isolated in 
order and germinated on basal medium supplemented with choline. The 
cultures were then transferred to unsupplemented basal medium. Of each 
set of eight ascospores, four failed to grow in the absence of choline, show- 
ing that the mutation involved a single gene. In eleven sets the cholineless 
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gene segregated in the first division, while ten sets showed second division 
segregation. ‘This corresponds to a map distance of approximately 25 units 
from the centromere. The gene is not linked with sex or with albino. 


This work was supported by a grant from the Rockefeller Foundation. 
The original mutant was found and identified by Misses Helen Berman and 
Caryl L. Parker. A sample of pure lecithin was kindly provided by Pro- 
fessor J. W. McBain. 


SUMMARY 


A microbiological method for the determination of choline, by use of an 
artificially produced mutant of Neurospora crassa, has been described. Of 
more than forty compounds tested, only choline, lecithin, and methionine 
were found to support growth of the mutant. A rapid procedure for the 
separation of choline from methionine in tissue extracts is given. The 
Neurospora method is simple, sensitive, and specific. 
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THE SPECIFICITY OF l(—)-METHIONINE IN CREATINE 
SYNTHESIS 


By PHILIP HANDLER anp MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and of Biochemistry, 
Duke University School of Medicine, Durham, North Carolina) 


(Received for publication, June 21, 1943) 


It has been demonstrated that methionine may act as the source of methyl 
groups for the physiological synthesis of creatine (1, 2). In the present 
study the specificity of -methionine for this process has been examined by 
means of the in vitro technique of Borsook and Dubnoff (1). 


EXPERIMENTAL 


Creatine was estimated by the procedure of Borsook and Dubnoff (1), 
modified so that the final color could be conveniently measured in the 
Evelyn photoelectric colorimeter. In our earliest experiments the creatine 
measurements were accomplished by incubation with the Dubos and Miller 
organism, Corynebacterium creatinovorans' (3), and it was again established 
that the chromogenic material synthesized by liver slices under these condi- 
tions was truly creatine. 

d(+)-Methionine (ap = +7.1°) was obtained from Dr. Madelyn Wo- 
mack, /(— )-methionine from E. A. Staley and Company, Decatur, Illinois, 
dl-methionine from Merck and Company, Inc., and guanidoacetic acid from 
Hoffman-La Roche, Inc. Sodium a-keto-y-methiolbutyrate (S calculated 
18.84; found 18.79) was obtained from Mr. Guilford G. Rudolph, and 
dl-methionine sulfoxide (mol. wt. calculated 165.2; found 165.1), dl-methio- 
nine sulfone (mol. wt. calculated 182.4; found 181.2), and dl-methionine 
methylsulfonium iodide (I calculated 45.81; found 45.67) from Dr. 
Gerrit Toennies.? 

A solution of di-methionine methylsulfonium chloride was prepared by 
shaking 2 mm of the iodide in 1 ce. of water with 4 cc. of 0.25 m HgCl, for 
l hour. After centrifugation H.S was bubbled through the supernatant 
fluid for 15 minutes, followed by CO, for 10 minutes. The mixture was 
filtered twice and the solution was then properly diluted for use in the in- 
cubation experiments. Complete protocols are not included herein, since 
they resemble so closely those of Borsook and Dubnoff. 


! This name, while not yet official, has been suggested to one of us (P. H.) by Dr. 


Dubos in a personal communication. 
? Our thanks are due to Dr. Womack, Mr. Rudolph, and Dr. Toennies for their 


generous gifts of these substances: 
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Adult rats of the Vanderbilt, Wistar, and Sprague-Dawley strains were 
used for each experiment. Considerable variation among individual rats 
was encountered. For the present purpose it was advantageous to use 
livers with which one could elicit a large response in the presence of guanido- 
acetic acid and methionine and a considerably smaller one in the presence 
of guanidoacetic acid alone. However, not infrequently the effect of 
methionine addition was only 10 to 20 per cent of that due to guanidoacetic 
acid and in such instances the results of the experiment were discounted. 
Except in the very first trials guanidoacetic acid was employed at a con- 
centration of 0.1 mg. per vessel and methionine and its derivatives at 1.25 
mg. Both concentrations were considerably lower than those used by Bor- 
sook and Dubnoff and were found to be equally effective. 

Effect of d-Methtonine and of a-Keto-y-methiolbutyric Acid—The results 
are summarized in Table I. Qereatine iS the amount of creatine formed ex- 
pressed as if it were a gas in c.mm. at s.T.P. per mg. of tissue (dry weight) 
per hour. Each figure is the mean value determined in six experimental 
trials, each in triplicate. AQ is the increment in Qereatine over that determined 


TasBie I 
Effect of d(+)-Methionine in Creatine Synthesis 





Substrate Qcreatine 4Q Qcreatine AQ 
Guanidoacetic acid...... =e errr 1.98 2.02 
25 ‘* + |-methionine........ 3.90 1.92 3.95 | 1.93 
~ ‘* + d-methionine........ 3.00 1.02 


" ‘« + a-keto acid.......... 3.91 1.89 








with glycocyamine alone. The values presented in the first pair of columns, 
comparing d- and /-methionine, were obtained with the same set of six 
livers, while those in the second pair of columns were obtained with a second 
series of six livers. It will be seen that d(+)-methionine appeared to be 
about 50 per cent as potent as its optical antipode for creatine synthesis. 
This was quite consistent in each experiment. The a-keto analogue of 
methionine appeared to be fully as active as the parent substance. 

From the data it was not apparent whether d(+)-methionine and the a- 
keto acid were themselves capable of methylating guanidoacetic acid or 
whether they were first converted to /-methionine by the liver tissue. The 
first step in such a transformation would be, presumably, the oxidative 
deamination of the d-amino acid. It has been found that benzoic acid 
inhibits the activity of the d-amino acid oxidase (4). In Table II are pre- 
sented the results of a group of six experiments, each performed in triplicate, 
in which the effect of benzoic acid on the ability of the liver slices to utilize 
d-methionine for creatine synthesis was studied. It will be seen that 0.01 M 
benzoic acid completely prevented creatine synthesis by d-methionine but 
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in no wise impaired creatine synthesis by the natural isomer. It appears, 
therefore, that d-methionine cannot, itself, serve as a creatine precursor 
but must first be oxidatively deaminated. Since no substance has been 
reported to inhibit the amination of a-keto acids by tissue slices, we could 
not determine whether the a-keto acid can directly serve as a methyl donor 
for guanidoacetic acid or whether it must first be resynthesized to /-methi- 
onine. 

Effect of Toennies’ Compounds in Creatine Synthesis—It has been shown 
by Bennett that while dl-methionine sulfoxide (5) and methylsulfonium 
iodide (6) can replace methionine in the diet of the white rat, dl-methionine 
sulfone (6) cannot do so. It was thought of interest to correlate these 




















TABLE II 
Effect of Benzoic Acid on Creatine Synthesis 
Substrate Qcreatine 4Q 
— EPA 2S eS! ee lea | 
EES bse 2.75 
” Oe a> I, 4 o'o046 oa on mates pas 2.53 —0.22 
“ “4 L-methionine................ 5.05 | 2.30 
a s dh . + benzoate... 4.96 2.21 
ne a Ln ae 4.45 1.70 
sty co+ “ + benzoate. . 2.68 —0.07 
TasB_e III 
Oxidation Products of Methionine in Creatine Synthesis 
Substrate Qcreatine 4Q 
IN GI no 6 wns ws 44h ba Aes 3.20 
6+ [-methionine................ 4.89 1.69 
" ‘¢ + dl-methionine sulfone....... 3.16 —0.04 
si “oo+ - sulfoxide. .... 3.18 —0.02 
- «+ * methylsulfo- 
eee eee RY 4.70 1.50 





facts with the ability of these substances to replace methionine for creatine 
synthesis. The results are presented in Table III. The figures in the 
table represent mean values for four determinations, each performed in 
triplicate. Each substance was used at the same molecular concentration 
employed for methionine. 

Neither the sulfoxide nor the sulfone effectively enhanced the ability of 
liver slices to methylate guanidoacetic acid. Assuming that the liver cells 
are as freely permeable to the sulfoxide and sulfone as they are to methi- 
onine itself, it would appear that these oxidation products of methionine 
cannot be normal intermediates in the methylating process which functions 
an vitro. 
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The failure of methionine sulfoxide to accelerate creatine synthesis in 
vitro is difficult to interpret in view of the reported lipotropic activity of 
this substance (7). If the lipotropic activity of both methionine and its 
sulfoxide is determined only by the availability of their S-methyl groups for 
choline synthesis (8), and if the transmethylation mechanisms in choline 
and creatine synthesis are similar, then it must appear that while oxidation 
of the sulfur atom of methionine does not occur in transmethylation in 
vitro the possibility still remains that an independent transmethylation 
system, capable of utilizing methionine sulfoxide per se, does function in the 
intact animal. From the available evidence, however, it appears more 
likely that the intact animal possesses some mechanism whereby methionine 
sulfoxide may be reduced to the parent substance which may then be 
utilized for choline synthesis. 

The methylsulfonium chloride appeared to be fully as active as methio- 
nine in creatine synthesis. However, the mechanism of this reaction is not 
understood. The present findings are compatible with the reported lipo- 
tropic activity of d(+)-methionine (9), since choline, like creatine, could 
be synthesized after the physiological conversion of d- to /-methionine. 


SUMMARY 


d(+)-Methionine is about 50 per cent as active as the natural isomer in 
creatine synthesis by liver slices in vitro. Benzoic acid, which inhibits 
the d-amino acid oxidase, also inhibits this reaction but does not interfere 
with transmethylation by /(—)-methionine. The sulfoxide and sulfone 
of di-methionine are ineffective in creatine synthesis but the methylsulfo- 
nium chloride and the a-keto analogue of methionine are as active as methi- 
onine itself. Oxidation of the sulfur atom of methionine does not appear 
to occur in transmethylation. 


The thanks of one of us (P. H.) are due to the John and Mary R. Markle 
Foundation for its support of this work. 
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EXPERIMENTAL ALKAPTONURIA IN THE WHITE RAT ON 
HIGH TYROSINE DIETS* 


By LYNN DeFORREST ABBOTT, Jr., anp C, LESTER SALMON, Jr. 
(From the Department of Biochemistry, Medical College of Virginia, Richmond) 


(Received for publication, July 24, 1943) 


Excretion of homogentisic acid has been produced experimentally in rats 
by the feeding of large amounts of phenylalanine (1-3) and in ascorbic 
acid-deficient guinea pigs by phenylalanine or tyrosine administration (4). 
The experiences of various workers with regard to excretion of homogentisic 
acid in rats fed tyrosine have varied. Butts, Dunn, and Hallman (3) 
found no trace of homogentisic acid in the urine of rats fed dl-tyrosine, 
whereas the feeding of dl-phenylalanine produced an alkaptonuria. Later, 
Butts, Sinnhuber, and Dunn (5) noted “considerable quantities” of homo- 
gentisic acid excreted by rats receiving /-tyrosine. Closs and Braaten (6) 
also noted alkaptonuria in rats receiving /-tyrosine dissolved in an equiva- 
lent amount of aqueous sodium hydroxide. Martin and Hueper (7), how- 
ever, state that homogentisic acid was not found in the urine of rats which 
in their experiments received diets containing 10 per cent /-tyrosine. 

In the course of studies to determine whether homogentisic acid would be 
formed and excreted in experimentally induced alkaptonuria in amounts 
sufficient to give luminescence under conditions described previously (8), 
we have consistently obtained excretion of large amounts of homogentisic 
acid by rats fed the following high tyrosine diet: dried skim milk powder 
45, corn-starch 15, butter 25, cod liver oil 3, /-tyrosine 12 per cent. A 
supplement of 0.9 gm. of powdered brewers’ yeast was thoroughly mixed 
with the amount of food given each day. Commercially available /-tyrosine 
(Merck or S. M. A. Corporation) which gave theoretical values for nitrogen 
content on analysis was used. 

Rats of either sex, weighing about 100 gm., were kept in individual cages 
which were set on glass funnels provided with a paraffined wire screen and a 
small plug of glass wool to prevent feces from falling into the urine. The 
urine was collected under toluene in a small bottle. At the end of each 24 
hour period the urine was examined by the alkali test and estimations of 
the homogentisic acid content were made by the method of Briggs (9). 
The values for homogentisic acid obtained in this way in some typical 
experiments are presented in Table I. 


* Aided in part by a grant from the Virginia Academy of Science. The results of 
preliminary experiments were reported at the Twentieth annual meeting of the 
Virginia Academy of Science at Roanoke, May, 1942. 
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The errors involved in the estimation of homogentisic acid in these urines 
may detract from the value of these data from a quantitative view-point, 


Taste I 
Excretion of Homogentisic Acid by Rats on 12 Per Cent l-Tyrosine Diet 














| | | | . 
Rat No. | Sex | Weight | D& 1 — “a ae ens ae 
Total l-Tyrosine 
gm. gm. gm. mg. per cc. | mg. per day 

3 M. 95 1 10.0 1.20 0.0 0.0 
| 2 7.9 0.95 0.0 0.0 
3 5.9 0.71 0.7 8.9 
4 10.0 1.20 15.2 38.0 
5 10.0 1.20 13.8 96.6 
6 10.9* 0.00 0.0 0.0 
4 “ | 102 1 9.9 1.19 0.0 0.0 
2 6.9 0.83 0.6 4.0 
3 7.4 0.89 8.5 68.0 
4 9.9 1.19 12.1 102.9 
5 6.4 0.77 10.1 25.3 
| 6 6.4 | 0.77 | 5.1 30.6 
or 5.9 Oe. A i Bod 61.6 
| | | 8 8.9 1.07 | 10.0 90.0 
| 9 5.9 0.71 | 6.4 48.0 
5 in 1t 9.9 fe 17.2 
Poti 10.0 12d | 98 68.6 

3 10.0 1.20 | t 
| 4 10.0 1.20 | 12.6 | 145.0 
| | § 10.0 1.2 | 13.9 111.2 
| | 6 10.0 1.20 8.2 59.0 
7 9.4 1.13 | 9.2 121.5 
| YY 9.9 1.19 10.7 150.0 
9 10.0 1.20 | 10.9 76.3 
14 | M. 137 It 8.9 1.07 4.5 | 94.1 
| | oe 8.4 1.01 4.4 | 135.0 
| = 8.4 1.01 4.3 | 100.0 
aes aie | i a 10.0 1.20 0.0 0.0 
| | | 9 10.0 1.20 16.3 49.0 
3 10.0 1.20 33.0 | 138.0 
Beste fs ody Mae it 10.0 1.20 3.2 | 6.4 
| 2 7.9 0.95 2.0 | 7.0 
a. 96 1 8.6 1.03 | 0.0 0.0 
2 5.4 0.65 00 | 0.0 
3 6.5 0.78 | 08 | 38 
4 3.9 0.47 | 4.0 100.8 





* Control diet, /-tyrosine replaced by starch. 
+ Fasted previous 24 hours. 
t Urine lost through accident. 
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but such data indicate well the time of onset and the degree of intensity of 
the induced alkaptonuria. In general it may be said that an intense alkap- 
tonuria has been induced in all of the eighteen rats that we have had on this 
high tyrosine diet. The excretion of homogentisic acid usually appeared 
on the 3rd day on the diet but could be made to appear as early as the Ist 
day if the rat were fasted for the previous 24 hours (cf. Rats 5, 14, 16). 
The diet induced an alkaptonuria in both sexes. The excretion of homo- 
gentisic acid disappeared the Ist day after the rat was taken off the diet 
(cf. Rat 3, Day 6). Rats kept on a control diet in which additional corn- 
starch (12 per cent) replaced the 12 per cent of /-tyrosine developed no 
alkaptonuria. 

The excretion of homogentisic acid by these animals was confirmed by its 
actual isolation from the urine. The concentration was great enough so 
that the acid could be precipitated directly from the urine as the lead salt, 
and homogentisic acid was recovered from the lead homogentisate by the 
method of Garrod (10). Lead homogentisate was recovered regularly 
from these urines and a typical isolation is described. 

The urine of four rats was collected for 4 days after the onset of alkap- 
tonuria. The combined urine (80 cc.) was brought to a boil and 5 gm. of 
lead acetate were added with stirring, and the mixture was filtered hot. 
The light brown solution was allowed to stand in the cold. Crystallization 
began in about 2 hours and a nice crop of light tan crystals precipitated 
overnight. This was filtered off with suction and, air-dried, weighed 0.754 
gm. This product was pure enough for most purposes. Recrystallization 
once from water made slightly acid with acetic acid and treatment with a 
small amount of norit A gave pure white crystals of lead homogentisate 
which, air-dried, weighed 0.297 gm. 0.2968 gm. lost 0.0268 gm. ondrying 
at 100° for 14 hours. This represents a loss of water »f crystallization 
of 9.03 per cent. Theory for water of crystallization in lead homogentisate 
(CsH,O0,)2Pb-3H.0 is 9.08 per cent. 0.264 gm. of the anhydrous lead salt 
was suspended in ether and the lead removed with H,S. After filtration 
from the lead sulfide the ether was evaporated at room temperature, and 
the resulting pure white crystals after drying weighed 0.138 gm. The 
acid melted at 148-149° (uncorrected) and did not depress the melting 
point of homogentisic acid prepared in a similar manner from human alkap- 
tonuric urine. Both the lead salt and the acid gave the usual reactions 
characteristic of homogentisic acid, including luminescence. 

With this diet it was possible to produce experimentally urines exhibiting 
the phenomenon of chemiluminescence previously noted in the urine of 
human alkaptonuric subjects which has been shown to be a property of 
homogentisic acid (8). Strongly luminescent urines can usually be ob- 
tained in several days with rats on this diet. In many cases the concen- 
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tration of homogentisic acid was so great that chemiluminescence was 
observed with 1:25 aqueous dilutions of the urine. Studies on known 
dilutions indicated that the minimum concentration of homogentisic acid 
necessary for visible luminescence in these urines was in the neighborhood 
of 0.6 mg. per ce. of urine. Similar experiments with pure homogentisic 
acid indicated a minimum concentration of about 0.55 to 0.60 mg. per ee. 
of homogentisic acid necessary for faintly visible chemiluminescence. In 
several cases rat urines containing high concentrations of homogentisic 
acid (25 to 30 mg. per cc.) would not show luminescence when undiluted 
but gave very strong luminescence in dilutions from 1:1 up to 1:25. Since 
pure homogentisic acid in a concentration of 30 mg. per cc. exhibited strong 
luminescence, it would seem that the appearance of light may be inhibited 
in the undiluted experimental urines when the excretion of tyrosine metab- 
olites becomes extremely high. That the luminescence of homogentisic 
acid can be inhibited by other substances can be shown with ascorbic acid. 
Sealock et al. (11) mentioned the fact that human alkaptonuric urines con- 
taining extra ascorbic acid did not darken on standing; 7.e., the homogentisic 
acid was protected against oxidation by atmospheric oxygen. Likewise 
the addition of ascorbic acid inhibits the luminescence of homogentisic acid, 
if enough is added to prevent the darkening of the urine when shaken vigor- 
ously with air after the addition of alkali. The concentration of ascorbic 
acid must be considerably greater than the concentration of homogentisic 
acid to inhibit the blackening when shaken as described. In the presence 
of 5 moles of ascorbic acid, for example, 1 mole of homogentisic acid was 
not oxidized by air when it was made alkaline and shaken vigorously many 
times. Blackening did not occur and neither did luminescence. With 
lesser amounts the luminescence was of lesser degree and slower to appear. 
Inhibition of the chemiluminescence of homogentisic acid was also ob- 
tained in a similar manner with d-isoascorbic acid. 

It has been mentioned previously that hydroquinone does not exhibit 
chemiluminescence when made alkaline and shaken with air (8). We have 
also prepared and examined gentisic acid (hydroquinonecarboxylic acid) 
and have been unable to detect chemiluminescence with this compound 
under conditions wherein homogentisic acid is strongly luminescent. Gen- 
tisic acid has many of the properties of homogentisic acid; e.g., its solutions 
turn dark on addition of alkali, give a blue color with ferric chloride, reduce 
Benedict’s solution, reduce ammoniacal or neutral silver nitrate at room 
temperature, reduce the homogentisic acid reagent of Briggs, and, when 
made alkaline, reduce photographic paper. Since gentisic acid does not 
exhibit chemiluminescence, this property of homogentisic acid is a more 
specific test for the presence of homogentisic acid than are the usual quali- 
tative tests and is useful in conjunction with them. This is of especial 
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interest since gentisic acid has been stated to occur in the urines of individ- 
uals receiving large amounts of sodium salicylate, particularly in cases of 
acute rheumatism (12), and gentisic acid in the urines of these individuals 
may cause the urine to behave in some respects like an alkaptonuric urine. 
Chemiluminescence has been observed by us in the urine of three different 
alkaptonuric human subjects. The concentration of homogentisic acid 
in both human and experimental alkaptonuria thus appears to be sufficient 
to exhibit chemiluminescence under the proper conditions, particularly 
when the diluted as well as the undiluted urine is tested. 


SUMMARY 


An intense alkaptonuria was produced in several days in white rats on a 
12 per cent /-tyrosine diet. The alkaptonuria ‘was confirmed by isolation 
of homogentisic acid from the urine. 

The urine exhibited chemiluminescence when made alkaline and shaken 
with air. In some instances chemiluminescence was obtained in urine 
dilutions as high as 1:25. 

Gentisic acid (hydroquinonecarboxylic acid) has many of the chemical 
properties of homogentisic acid but exhibited no chemiluminescence under 
conditions in which homogentisic acid is strongly chemiluminescent. 
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CARBOHYDRATE CHARACTERIZATION * 


IV. IDENTIFICATION OF d-RIBOSE, l-FUCOSE, AND d-DIGITOXOSE AS 
BENZIMIDAZOLE DERIVATIVES 


By ROBERT J. DIMLER anp KARL PAUL LINK 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, July 30, 1943) 


In previous papers of this series the formation of the benzimidazole de- 
rivatives of carboxylic acids has been applied to the identification of seven 
aldo-monosaccharides (1) and of hexuronic and saccharic acids (2). The 
benzimidazole procedure has now been extended to include the biologically 
important sugars d-ribose, /-fucose (6-desoxy-L-galactose), and d-digitoxose 
(2,6-didesoxy-D-allose). Since this work was completed, Richtmeyer and 
Hudson (3) have reported the physical constants of the free base of d-ribo- 
benzimidazole, in a paper dealing with the relation of optical rotation to 
configuration in the aldo-benzimidazole series. Their constants and ours 
are in agreement. 

In common with the majority of the aldo-monosaccharides, d-ribose and 
l-fucose are converted to the aldo-benzimidazoles by oxidation of the aldose 
to aldonic acid by potassium hypoiodite in methanol, liberation of the acid 
from the precipitated potassium or barium salt, and condensation with 
o-phenylenediamine in the presence of hydrochloric and phosphoric acids 
at 135°. However, d-digitoxose is not amenable to this treatment because 
of the solubility of the potassium and barium salts of d-digitoxonic acid in 
methanol, while condensation of the acid, prepared by other methods, with 
o-phenylenediamine gives poor yields of d-digitoxo-benzimidazole. The 
derivative is readily obtained in good yields by application of the oxidative 
condensation of d-digitoxose with o-phenylenediamine in the presence of 
cupric acetate and acetic acid (4). 

d-Ribose—lIn the oxidation step of the benzimidazole procedure of Moore 
and Link (1) d-ribonic acid separates largely as the potassium salt. The 
d-ribo-benzimidazole, formed in the condensation with o-phenylenediamine, 
is isolated with some difficulty because it is quite soluble in water in the 
presence of inorganic salts. One can separate about 50 per cent yields of 
nearly pure d-ribo-benzimidazole which may be recrystallized from about 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Robert J. Dimler is indebted to the Wisconsin Alumni Research 
Foundation for a fellowship in 1936-38 and to the Graduate Research Fund for an 
assistantship in 1938-41 which made this study possible. 
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10 parts of water after the separation from inorganic salts.1. The physical 
constants of d-ribo-benzimidazole and its secondary derivatives are given 
in Table I. 

During the oxidation of d-ribose with alkaline hypoiodite in methanol, 
epimerization of the d-ribonic acid to d-arabonic acid occurs to the extent 
of about 5 per cent, the insoluble potassium d-arabonate precipitating with 
the potassium d-ribonate. However, the d-arabo-benzimidazole, being 
very insoluble, is easily separated from the d-ribo-benzimidazole during 
the isolation. This behavior of d-ribose (which may be shared by other 
sugars to a small or less easily detected extent) will interfere only in critical 
studies of mixtures in which the presence of small quantities of d-arabinose 
is being considered. In such cases the bromine-barium benzoate procedure 
of Hudson and Isbell (5) may be used for the preparation of the d-ribonic 
acid, thus avoiding the epimerization reaction. However, for general 


Taste [ 
Physical Constants of Aldo-benzimidazoles 
The constants for the secondary derivatives are for the salts as isolated. Melting 
points are uncorrected. 








M.p [«]* —o, | Picrate m.p. 
7 j BPeemeee! a ees er ere eer a 
d-Ribo-benzimidazole 190 +22.5 196-198 | 185-186 
l-Fuco-benzimidazole .... | 248-249 —41.2 224-225 | 189-191f 
d-Digitoxo-benzimidazole . . 207-209 —45.7 Oil 124-127 





* Rotations in 1 n HCl with c = 2 (approximately). 
t Sinters at 150°. 


studies the bromine oxidation lacks the advantages of fractionation and 
convenience inherent in the methanol-hypoiodite method. 

l-Fucose—The methanol-hypoiodite oxidation of /-fucose gives a pre- 
cipitate only in the barium salt fraction, the yield being about 60 per cent.’ 
Condensation of /-fuconic acid with o-phenylenediamine forms the very 
insoluble /-fuco-benzimidazole (similar in solubility to the stereochemically 
related d- or l-galacto-benzimidazole (3, 6)), whose constants are given in 
Table I. 


1 The modified scheme given in the experimental section for the isolation of the d- 


ribo-benzimidazole may be found useful for obtaining other rather soluble derivatives 


such as d-gluco-benzimidazole. 

? A reason has not been established for the low yields of barium salt, or of benzimid- 
azole in subsequent condensation, from several sugars which fall in the barium salt 
fraction. 
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d-Digitoxose—d-Digitoxo-benzimidazole is obtained in about 70 per 
cent yields by the oxidative condensation method (4). The constants of 
the derivative and its salts are givenin Table I. Other sugars will interfere 
with the identification of d-digitoxose by this procedure only in so far as 
they may form very insoluble benzimidazoles (e.g., d-galacto-benzimida- 
gole) which would be difficult to separate from d-digitoxo-benzimidazole by 
recrystallization. Since the presence of 2-desoxy sugars is detected by 
characteristic qualitative reactions (7), the necessity for application of 
this special method of benzimidazole formation is easily ascertained. 


EXPERIMENTAL 


d-Ribose—Oxidation of 0.15 gm. (1 mo) of d-ribose by the hypoiodite- 
methanol procedure of Moore and Link (1) gives about 0.175 gm. (85 per 
cent) of K salt, m.p. 187° (decomposition), and 0.05 gm. of Ba salt. 


Analysis—K salt. CsH,sO.K. Calculated, K 19.1; found, K 19.2-19.6. Ba salt, 
found, Ba about 41 


The condensation is carried out according to the directions of Moore 
and Link (1); for each mm (0.204 gm.) of potassium salt, 0.14 gm. (1.3 mm) 
of o-phenylenediamine, 0.6 cc. (2.5 mm) of 4 N HCl, and 1.3 mm of H;PO, 
are used. To the decolorized solution of the reaction mixture (volume 5 
to 6 ec.) add 0.52 ec. of 5 N NaOH and 0.1 cc. of concentrated NH,OH, 
cool, and extract three times with ether to remove unreacted o-phenyl- 
enediamine. Filter to remove any d-arabo-benzimidazole which may 
separate at this point. After removing the ether from the filtrate on the 
steam bath decolorize the warm solution and concentrate to dryness under 
reduced pressure. To the residue add 1 ec. of water with stirring at room 
temperature; place in the ice box for a couple of hours to permit solution 
of most of the inorganic salts and maximum crystallization of the d-ribo- 
benzimidazole. Filter the product and wash with a small amount of cold 
water, omitting the acetone wash since the derivative is appreciably soluble 
in the mixture of acetone and water which surrounds the crystals during 
the washing. Recrystallize the crude product (approximately 0.2 gm. 
containing some inorganic salts) from about 10 parts of water with decolor- 
ization. Any d-arabo-benzimadazole still present will be insoluble in this 
quantity of hot water and may be removed by filtration before decoloriza- 
tion and crystallization of the d-ribo-benzimidazole. The product thus 
obtained (about 0.10 gm. or 40 per cent of theory) has a melting point of 
185-187°. An additional 10 to 15 per cent may be obtained by application 
of the copper salt precipitation (1) to the mother liquor from the crude d- 
tibo-benzimidazole and from the recrystallization. The constants for the 
purified d-ribo-benzimidazole (CyHywO.N:) and the hydrochloride 
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(CyHysO.N2Cl) and picrate (Ci7H;;OuNs), prepared according to the 
directions of Moore and Link (1), are given in Table I, with the analytical 
data in Table II. 

The isolated d-arabo-benzimidazole (1), m.p. 235-237°, [a], = —45° 
in 1 n HCl, and picrate m.p. 155—-156°, corresponds to between 1 and § 
per cent of the potassium salt in most cases. That the d-araboniec acid 
arises in the oxidation step by epimerization in the presence of the excess 
alkali was shown by preparation of d-ribonic acid from the same sample of 
d-ribose by the bromine-barium benzoate procedure of Hudson and Isbell 
(5), the condensation mixture with o-phenylenediamine giving no d-arabo- 
benzimidazole. 


Taste II 
Analyses of Ribo, Fuco, and Digitoxo Derivatives 


The values are given in per cent. 








! . a bic F = : ! 
Carbon Hydrogen Nitrogen | Chlorine 








| Theory Found | Theory | Found | Theory | Found | Theory | Found 








d-Ribo-benzimidazole. . . | 55.45) 55.25] 5.92 | 5.80 | 11.76) 11.65, 
¥ hydro- | 

chloride...................| 48.09) 47.90} 5.50 | 5.40 | 10.20) 10.16) 12.91) 12.70 
d-Ribo-benzimidazole picrate | 43.69) 43.72) 3.67 | 3.40 | 14.99) 15.05, 
l-Fuco-benzimidazole | 57.13) 57.00) 6.39 | 6.42 11.11] 11.02) 
" hydro- | 


chloride . bce cts. .....| 49.92] 49.85] 5.93 | 5.85 | 9.70) 9.61) 12.28] 11.95 
l-Fuco-benzimidazole picrate.| 44.91) 44.85) 3.98 | 3.85 | 14.55) 14.32) 
d-Digitoxo-benzimidazole 61.00} 60.90) 6.83 | 6.75 | 11.86) 11.74) 


ia) 


picrate | | 46.45] 46.37] 4.12 | 4.05 | 15.05 14.88) 

















l-Fucose (6-Desoxy-L-galactose)—The oxidation of 0.164 gm. (1 mm) of 
l-fucose gives no K salt and 0.250 gm. of Ba salt (Ba found, 31.4 per cent). 
The yield of l-fuconic acid in the barium salt fraction appears to be about 
60 per cent of theory.* 

Condensation of the fuconic acid from the barium salt with o-phenyl- 
enediamine and isolation by the Moore-Link procedure (1) yield 0.136 
gm. (54 per cent, based on the /-fucose used) of nearly white, very insoluble 
l-fuco-benzimidazole, m.p. 253-254°, which is most conveniently purified 
by reprecipitation from the decolorized hydrochloric acid solution. The 
constants for pure /-fuco-benzimidazole (CjyHiO,N:) and its secondary 
derivatives are given in Table I and the analyses in Table II. The rotation 
must be determined in 1 n HCl, since the derivative is not soluble in citrie 
acid to the extent of 2 per cent. The hydrochloride (Cj2H,7O,N2Cl) is ob- 
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tained in good yields by the Moore-Link method (1). The picrate 
(CysHisOu1Ns) is a less satisfactory secondary derivative, since it separates 
from its aqueous solution in a gelatinous hydrated form. 

d-Digitoxose (2,6-Didesoxy-D-allose)—To 0.074 gm. (0.5 mm) of d- 
digitoxose add 0.06 gm. of o-phenylenediamine, 0.2 gm. of Cu(OAc)2- HO, 
2 mm of acetic acid, and 4 cc. of water and keep the mixture at 53° for 14 
hours. After introducing H,S to precipitate the copper, filter the solution 
hot and concentrate nearly to dryness at reduced pressure to remove most 
of the excess acetic acid. To the hot diluted solution (volume 5 to 10 cc.) 
add an excess of NH,OH and allow the mixture to cool and crystallize. 
The crude isolated d-digitoxo-benzimidazole, which shows some solubility 
when washed with acetone, weighs 0.088 gm. (75 per cent of theory), m.p. 
202-204°. The constants for d-digitoxo-benzimidazole (Cj.H:.O;N2), 
purified by reprecipitation from acid solution and recrystallization from 
ethanol, are given in Table I and the analyses in Table II. The picrate 
(CysHigO1oNs) tends to separate from the hot aqueous solution as an oil 
but crystallizes readily if seed crystals are added.® 


SUMMARY 


Methods are given for the identification of d-ribose, l-fucose (6-desoxy-L- 
galactose), and d-digitoxose (2 ,6-didesoxy-D-allose) as the benzimidazole 
derivatives of the corresponding aldonic acids. 


We are indebted to Mr. Rolland Lohmar for general assistance in con- 
junction with the preparation of this paper. 
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* We have so far not been able to prepare a crystalline hydrochloride of d-digitoxo- 
benzimidazole. This is in contrast to all other benzimidazoles in the sugar group 
studied to date. 
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NOTE ON THE REACTION OF d-GLUCOSAMINE WITH 
o-PHEN YLENEDIAMINE* 


By ROLLAND LOHMAR anv KARL PAUL LINK 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, July 30, 1943) 


In extending the benzimidazole method for the identification of aldoses 
(1, 2) and hexuronic acids (3) to other members of the sugar series, we have 
attempted to prepare the benzimidazole derivative of d-glucosamine. 
Condensation of d-glucosaminic acid prepared by the method of Pringsheim 
and Ruschmann (4) with o-phenylenediamine under a variety of conditions 
failed to yield a crystalline product. 

The direct oxidative condensation of d-glucosamine hydrochloride with 
o-phenylenediamine in the presence of cupric acetate (5) yielded a crys- 
talline quinoxaline and not a benzimidazole. The quinoxaline was origi- 
nally obtained by Griess and Harrow (6). Ohle (7), who prepared it by 
condensing d-fructose with o-phenylenediamine, showed that it is 3-(D- 
arabo-tetrahydroxy buty])quinoxaline. 


EXPERIMENTAL 


2.4 gm. of d-glucosamine hydrochloride, 1.0 gm. of o-phenylenediamine,’ 
4.0 gm. of cupric acetate, and 3 cc. of glacial acetic acid were dissolved 
in 80 cc. of water in a stoppered flask which was kept at 50° overnight (5). 
The solution became dark and a granular red precipitate, apparently a 
copper salt, was formed. The mixture was heated on a steam bath and 
the copper removed with hydrogen sulfide. Decolorizing carbon was 
added and the solution was filtered rapidly. The crystals were filtered 
off after the solution had stood several hours at 0°. The yield of the crude 
product was 1.45 gm. (43 per cent) melting at 186° (decomposition). 
After recrystallization from alcohol and drying at 110° in vacuo, the com- 
pound melted at 192-193° (decomposition) and showed [a] = —85.8° 
(4n HCI; c, 2.128). 


Analysis—C,2H,,O.N2. Calculated, N 11.17; found, 11.30 


Ohle (7) reported a melting point of 187-188° and [a]% = —75.2° 
(5 HCl; c, 2.006) for the monohydrate. The tetraacetate, prepared by 
the pyridine-acetic anhydride method, melted at 121° and showed [a]? 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This study was made possible through special grants from the 
office of the Dean of the Graduate School. 
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—29.2° (CHCl; c, 3.302). Ohle reported a melting point of 120° 
and [a] = —30.32° (CHCl; c, 3.258). The constants that we obtained 
for the quinoxaline prepared by the reaction of d-fructose and o-phenylene- 
diamine under the conditions given by Ohle are a melting point of 190—191° 
(decomposition) and [a]” = —85.4° (4 x HCl; c, 2.090). 
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THE EFFECT OF A LOW POTASSIUM DIET AND OF DESOXY- 
CORTICOSTERONE ACETATE ON THE CATION CON- 
TENT OF RAT ERYTHROCYTES AND MUSCLE* 


By A. H. HEGNAUER 
(From the Department of Physiology, Syracuse University College of Medicine, Syracuse) 


(Received for publication, June 19, 1943) 


On the basis of cation content mammalian erythrocytes may be divided 
into Na cells (carnivores) and K cells (rodents, Primates, etc.). Seemingly 
the two cations are functionally interchangeable. 

Experimental evidence of a dynamic equilibrium between internal and 
environmental cation concentrations of erythrocytes has recently been ac- 
cumulating by use of radioactive K for K cells in vivo (1-4) and by use of 
radioactive Na for Na cells in vivo (5, 6) and in vitro (6). 

It has previously been shown, by purely chemical means, that the cation 
content of red blood cells could be altered in vive by a number of experi- 
mental procedures. Kerr (7) found changes in the K content of dog 
erythrocytes resulting from hemorrhage, insulin, and injections of sodium 
oxalate. Others (8-10) produced altered cation contents in the red cells of 
eats and rabbits in response to diminution in plasma cation content, pre- 
sumably an osmotic effect. 

More recently Danowski (11) and Harris (12) have demonstrated cation 
exchanges in human red blood cells in vitro associated with and apparently 
dependent upon metabolic activity of the cells, and the latter (12) has shown 
that a reciprocal shift of K and Na may occur, although under certain condi- 
tions both ions may move in the same direction. 

In view of these results it seemed of interest to discover whether one 
might in greater or less degree convert K cells to Na cells by diminishing the 
potassium stores of the body, as Heppel (13) had succeeded in doing for 
muscle cells (but not liver). The muscle studies served as an index of the 
degree of K depletion with which to compare the results on the red blood 
cells. 

EXPERIMENTAL 


Three groups of albino rats of both sexes were used as follows: Group I, 
used as controls, was maintained on the stock diet of chow under cage condi- 
tions otherwise identical with the experimental groups; Group II was main- 
tained for 41 to 49 days on a low K diet (13) containing 0.046 per cent K; 
Group III was fed a similar low K diet for 20 to 36 days and received in 


* Aided in part by a grant from the Hendricks Memorial Research Fund. 
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addition subcutaneous injections of desoxycorticosterone acetate! (DCA), 
This was administered daily in 2.5 mg. doses (dissolved in sesame oil) for 
14 to 20 days. The latter additional procedure was adopted in the hope of 
speeding and increasing the negative K balance. No increase in the nega- 
tive balance, however, was achieved in the given experimental period. At 
the time of sacrifice the rats ranged in weight from 140 to 365 gm., the range 
in weight being much the same for all three groups. 

At the end of the diet period the rats were anesthetized with sodium 
pentobarbital and bled by decapitation into 50 cc. centrifuge tubes contain- 
ing a few mg. of heparin. In most cases the blood from two and sometimes 
three rats was pooled, as shown in Table I, but the muscles of each rat were 
analyzed individually, the average results of the two or three analyses being 
tabulated. The blood was immediately centrifuged and the plasma re- 
moved. A hematocrit of the packed cells revealed the amount of plasma 
remaining among them, for which correction was made in estimating red 
blood cell electrolytes and water. Suitable aliquots of cells and plasma were 
transferred to Erlenmeyer flasks for chloride measurements. The remain- 
ing cells and 4 or 5 ce. of plasma were placed in separate crucibles for dry 
weight determinations and for ashing preliminary to Na and K analysis, 
In the subsequent calculations the density of the cells was assumed to be 
1.085. A muscle mass was removed from each hind leg (4 or 5 gm.) and 
freed of gross fat and connective tissue. One was placed in a platinum 
crucible for ashing and Na and K analysis; the other was used for Cl estima- 
tion. Use was made of the Sunderman and Williams (14) method for Cl 
measurement, and that of Butler and Tuthill (15) for Na. Potassium was 
measured by the method of Shohl and Bennett as modified by Fenn et al. 
(16). The dry ashing was carried out at a temperature of 550°. 


Results 


These are reproduced in Table I, and are expressed in milliequivalents pe 
kilo of water in the case of plasma and red blood cells. For muscle the K 
and the excess or intracellular Na contents are expressed in similar units per 
kilo of intracellular water (total water minus chloride space), and Cl per 
kilo of fresh tissue. Figures for the chloride space are given in cc. per kilo of 
fresh muscle. 

A comparison of the average results for Group I given in Table I with 
those for Group II reveals the effect of the low K diet on the distribution of 
water and the inorganic constituents measured. The results obtained on 
plasma and muscle are in agreement with those obtained by Heppel (13). 
The decrease in the muscle water is apparently mainly at the expense of the 
extracellular fluid compartment. The red blood cells have lost 15 milli- 


1 Courtesy of Dr. Erwin Schwenk of the Schering Corporation, Bloomfield, New 
Jersey. 
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TaBLe I 
Electrolyte Distribution in Rats 
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equivalents of K of which only 3.4 (23 per cent) are replaced by Na, resulting 
in a cation decrease of 11.6 milliequivalents compared to a plasma decrease 
of 6.5 milliequivalents. The diminished red cell Cl parallels that in the 
plasma and exactly balances the diminished cation concentration. 

When injections of DCA are used in conjunction with the low K diet, the 
differences in the results on muscle and plasma are those which are to be ex- 
pected on the basis of the known physiological properties of DCA (17, 18). 

The complete absence of any change in the red blood cell K compared to 
the normal was surprising in view of the results in Group II. It was at first 
thought to be due to the shorter time on the low K diet, but in view of the 
fact that the muscle and plasma K had dropped to the same level as in 
Group II this idea was abandoned. 

The diminished plasma and red blood cell Cl concentrations unaccom- 
panied by cation decreases are due specifically to the effect of DCA, and 
must result in a greatly increased alkali reserve, but actual measurements of 
HCO; seem not to have been made in connection with DCA studies. 


DISCUSSION 


These results seem to indicate an extremely limited capacity on the part 
of K cells to make use of Na in the presence of a progressively diminishing 
bodily store of K. It would seem further that the red blood cell K levels 
observed in the two series of experiments are the reflection not of the K de- 
pletion in the body, but rather of the extent to which the total concentration 
of plasma cations, t.e. Na + K, has been altered. 

Thus in Group II one observes a decrease in the K concentration of the 
red blood cells paralleling the decrease in plasma cations. In Group III 
the red cell K concentration is constant, as is the plasma cation concentra- 
tion. In previous studies (10) red cell K was reduced, associated with a re- 
duction in plasma cation concentration and a rise in plasma K. 

That the change in the concentration of plasma cations may be looked 
upon as a purely osmotic influence so far as the red blood cells are concerned 
seems reasonable (10,19). To accept this is simply to say that the K level 
of K cells in vivo will vary with the osmotic pressure of the plasma, and 
become stabilized at the new level by the same forces which are normally 
operative; 7.e., metabolic and others. 


SUMMARY 


As a result of balance studies on plasma and erythrocytes (K cells) of rats 
subjected to prolonged negative K balance it is concluded that: 

1. The K content of such cells reflects the concentration of total plasma 
cations and is not directly influenced by the plasma K level. 

2. Certain of the functions mediated by K in such erythrocytes (perhaps 
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metabolic in nature) are not transferable to Na although the membranes 
are permeable to Na. 


3. From (1) and (2) it may likewise be concluded that the factors or 


machinery for concentrating K in K cells differs from those normally func- 
tioning in muscle. 
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THE ACTIVATION OF URICASE BY CYSTEINE* 
By BRADLEY T. SCHEERt ann MARLIN ANN RAY SCHEER 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, July 27, 1943) 


In a recent study of uricase, Davidson (2) reports that a number of 
sulfhydryl compounds have an “activating” effect on the enzyme. The 
following note extends these observations, with particular respect to 
cysteine. 

Purification of Uricase—Uricase was prepared by a modification of the 
methods of Davidson (1) and Holmberg (3). The starting material was an 
acetone powder of pig liver. All extractions were carried out in a Waring 
blendor. The preliminary extraction with buffer at pH 7.4 was found to 
effect little purification of the enzyme, and was abandoned. The enzyme 
was precipitated at pH 9 with half saturated ammonium sulfate, suspended 
in water, protein material was removed by heating to 55° for 5 minutes, and 
the enzyme reprecipitated at pH 7 with ammonium sulfate, as in David- 
son’s method. The precipitate was suspended in water, the excess sulfate 
precipitated with barium acetate, and further clarification of the solution 
effected with alumina Cy. Dialysis of the solution against distilled water 
resulted in a highly active precipitate which was found on tests with the 
Tiselius electrophoresis apparatus to consist of two components—uricase, 
and a yellow protein of unknown nature. Extraction of the precipitate 
with 0.1 m phosphate buffer, pH 7.4, effected the removal of much of this 
yellow material. Slow addition of saturated ammonium sulfate to a con- 
centrated solution of the enzyme in borate buffer (0.1 m) at pH 9 removed 
still more. The most active uricase preparations obtained by this method 
had about 400 times the activity of pig liver powder, which is comparable to 
the degree of purity obtained by Davidson. This procedure is much simpler 
than that of Davidson, and avoids the danger of inactivation of the enzyme 
by barium ions which, in the hands of the present author, made Holmberg’s 
procedure highly unsatisfactory. 

Effect of Cysteine on Oxidation of Uric Acid by Uricase—The experiments 
reported here were all performed in a Warburg manometric apparatus. 
Uric acid (as lithium urate) and cysteine were placed in the main portion of 


* This work was supported by a grant from the John A. Hartford Foundation. 
The authors gratefully acknowledge the advice and assistance of Dr. D. E. Green 
and the helpful interest of Dr. A. B. Gutman. 

t Present address, Kerckhoff Marine Laboratory, Corona del Mar, California. 
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the Warburg vessel with 1.5 cc. of 0.2 m borate buffer, pH 9, and enough 
water to make the total volume 3 ce. Uricase, suspended in 0.1 m borate 
buffer, pH 9, was added from the side arm after equilibration in the water 
bath at 38°. The gas phase was air. 

The figures in Table I represent the average rate of oxygen uptake in the 
first 10 or 15 minutes after addition of the enzyme, during which time the 
rate was essentially constant. It is apparent from Table I that the greater 


TABLE I 
Oxygen Uptake in Mixtures of Uric Acid, Uricase, and Cysteine 





Uric acid Uricase Cysteine | Rate of oxygen uptake 
meg. arbitrary units* meg. c.mm. per min. 
2.5 5.0 4.7 
2.5 5.0 0.5 9.6 
2.5 5.0 2.3 9.1 
2.5 5.0 5.0 11.2 
2.5 5.0 0.5 
0.7 2.5 5.0 6.5 
1.6 2.5 5.0 6.7 
2.5 2.5 5.0 6.4 

5.0 1.6 0.5 
2.8 5.0 1.6 9.3 
2.8 1.0 1.1 
2.8 | 1.0 0.9 4.0 
1.0 0.9T 0.6 








* 1 unit of enzyme will result in an oxygen uptake of 1 c.mm. per minute in the 
presence of 2.8 mg. of uric acid. 
+t Cysteine added as glutathione. 





TaBLeE II 


Total Oxygen Consumed in Complete Oxidation of 10 Micromoles of Uric Acid by Uricase 
in Presence of Cysteine 





Cysteine added, micromoles......... 0 2.5) 5 10 20 30 0=—| «40 
Oxygen consumed, micromoles. ..... 5.4 6.0 6.1 7.9 | 10.5 | 12.0 | 13.3 





rate of oxygen uptake in the presence of cysteine is not due to autoxidation 
of cysteine or to direct oxidation of cysteine by the uricase preparation. 
The increase in the rate of oxygen uptake produced by cysteine is inde- 
pendent of the amount of cysteine added unless the amount is very small. 
It is also independent of the concentration of uric acid. Only the concen- 
tration of enzyme has any marked effect on the rate of oxygen uptake. 

Studies were made of the total amount of oxygen consumed when the 
reaction is allowed to go to completion. The results of such studies are 
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given in Table II. Colorimetric determination of uric acid in the reaction 
vessels after termination of the experiment showed that the uric acid had 
completely disappeared in every case. 

The results of the experiments cited in Table II are consistent with the 
hypothesis that oxidations of uric acid and of cysteine proceed simul- 
taneously and independently in the reaction vessels. 


2 uric acid + O, + 2H,O0 — 2 allantoin + 2CO, 
4 cysteine + O, — 2 cystine + 2H,O 


The excess oxygen used, beyond that which would be required for uric 
acid, is in each case approximately one-fourth the amount (in moles) of 
eysteine added. However, uricase alone, in the absence of uric acid, does 
not produce any increase in the slow autoxidation of cysteine, in itself 
insufficient to account for the observed increase in oxygen uptake. 


SUMMARY 


1. An improved method for the preparation of uricase is described. 

2. It is shown that an increased uptake of oxygen follows the addition of 
cysteine to a mixture of uric acid with uricase. 

3. The evidence presented indicates that this is due to a simultaneous 
oxidation of both cysteine and uric acid. Under the conditions of the 
experiments, however, cysteine is not oxidized rapidly by uricase in the 
absence of uric acid. 
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STEROID EXCRETION IN A CASE OF ADRENOCORTICAL 
CARCINOMA 


I. THE ISOLATION OF A A°-ANDROSTENETRIOL-3(8) , 16,17* 


By H. HIRSCHMANNT 
(From the Department of Obstetrics and Gynecology and the Gynecean Hospital Institute 
of Gynecologic Research, University of Pennsylvania, Philadelphia, and from the 
Departments of Medicine and Biochemistry, School of Medicine, Western 
Reserve University, and the Lakeside Hospital, Cleveland) 


(Received for publication, May 14, 1943) 


Studies on steroid excretion in patients with the adrenogenital syndrome 
(1-6) have played an important réle in the effort of identifying those uri- 
nary steroids that normally originate in the adrenal cortex. Moreoever, 
these investigations have led to the isolation of substances not yet encoun- 
tered in other types of urine and thus have permitted further insight into 
the pathways of steroid metabolism in the body (7). As there appears to 
be a remarkable individuality among the few cases that hitherto have been 
reported, an extension of this work seemed clearly indicated. We were, 
therefore, most fortunate in having the cooperation of Dr. F. Harvie of the 
Department of Pediatrics of the University of Pennsylvania, who made it 
possible for us to collect urine from a 7 year-old boy with an adenocar- 
cinoma of the adrenal cortex. 

The object of the present communication is to report the isolation and 
chemical nature of a new steroid that has been obtained from this urine 
in considerable amounts. This substance is only sparingly soluble in most 
of the common organic solvents, a property which permitted the use of a 
very simple isolation procedure. The urine was hydrolyzed with acid and 
extracted with ether. The neutral fraction of this extract was leached with 
benzene. The insoluble residue on repeated recrystallization yielded a 
product which showed a melting point of 270°. Identical material was 
obtained by hydrolysis of three analytically pure derivatives, two of which 
had been purified by the chromatographic method. The homogeneity of 
the parent substance was therefore considered to be established. 

Analysis of this compound indicated the composition CigH3o03. The 3 
oxygen atoms are present as hydroxyl groups in reactive positions, as was 


* The completion of this investigation has been made possible by a grant from the 


Commonwealth Fund. 

Presented in part before the Thirty-sixth annual meeting of the American Society 
of Biological Chemists at Boston, April, 1942. 

t Present address, Department of Medicine, Lakeside Hospital, Cleveland, Ohio. 
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shown by the formation of a triacetate upon acetylation at room tempera- 
ture. If this triol possessed a 4-ring carbon skeleton such as is present in 
the steroid molecule, the analytical data indicate the presence of one double 
bond. An ethylenic linkage could be demonstrated, as it was found that 
the substance decolorized 1 mole of bromine and that it could be hydro- 
genated catalytically to a triol of the composition C;,.HO;. The original 
compound was attacked by periodic acid. Although we failed to secure a 
primary reaction product in pure form, this instability towards periodic 
acid suggested nevertheless that at least two of the hydroxyl groups are 
located at adjacent carbon atoms. The results obtained in the oxidation 
of the saturated triol with chromic acid could readily be reconciled with 
this interpretation. Although this reaction was carried out at room tem- 
perature, no neutral products were obtained. The acidic fraction yielded 
a substance which had retained the original number of carbon atoms, as its 
analytical values were in close agreement with those of the formula C,)Hg5- 
O;. The most plausible way to account for the changes in composition, 
the loss of 4 hydrogen atoms and the uptake of 2 oxygen atoms, is to assume 
that the reaction product is a ketodicarboxylic acid formed from the 
saturated triol by the opening of a ring. The acid C,9H2sO; upon treat- 
ment with m-dinitrobenzene and alkali developed an intense purple color. 
Among steroids such a behavior has been observed so far only with those 
substances that possess a carbonyl group at either C-3 or C-17 (8-10). 
It has also been shown that 3-ketosteroids reach a peak in color develop- 
ment after 5 minutes, while 17-ketosteroids do so after 1 hour (9). The 
differences in extinction are large enough to permit a ready differentiation 
between these two groups of compounds. Data presented in Fig. 1 demon- 
strate a satisfactory agreement between the absorption curves of the acid 
CypH2s0; and of 3-ketoallocholanic acid when measured after reaction 
times of 5 and of 60 minutes. A markedly different curve would have been 
obtained with the unknown acid after 1 hour if its extinction at 520 my 
after 5 minutes had been caused by a keto group at C-17. This is illus- 
trated by the behavior of androstenone-17 which showed a more than 3-fold 
increase in the height of its absorption maximum during the last 55 minutes 
of the reaction. It would appear from these observations that the un- 
known acid if derived from a steroid most likely possesses a carbonyl group 
at C-3. 

If it is assumed that the original triol is indeed a steroid and has been 
converted into a 3-ketodicarboxylic acid, four possibilities exist for the 
location of the carboxyl groups. They may have been formed by ring 
cleavage between C-6 and C-7, C-11 and C-12, C-15 and C-16, or C-16 and 
C-17. The last possibility was considered the most probable one, as the 
isolated compound on distillation with potassium bisulfate (12) had yielded 
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a small amount of a product with the chromogenic properties of a 17-keto- 
steroid. Two acids with this structure (III), differing in the configuration 
at C-5, 3-ketoetioallobilianic acid and 3-ketoetiobilianic acid, have been 
described previously. Kuwada and Miyasaka (13, 14) prepared 3-keto- 
etioallobilianic acid from cholesterol and observed a melting point of 
240° (corrected), whereas Marker and coworkers, who obtained the same 
acid from allopregnanetriol-3 , 16,20 (15) and from dihydrotigogenin (16), 
recorded melting points of 260° and 258°. 3-Ketoetiobilianic acid has been 
characterized by a melting point of 238° (17). As our product melted at 
258°, it seemed possible that it was 3-ketoetioallobilianic acid. In order to 
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Fic. 1. Extinction (—log 7) of pigments formed with alkaline m-dinitrobenzene 
(Zimmermann reaction). Amounts tested: acid C;»H2sO; 120 y (0.357 K 10~* mole); 
3-ketoallocholanic acid 134 y (0.358 K 10-* mole); androstenone-17 60 y (0.220 x 10-* 
mole; the extinction values obtained with androstenone (11) are plotted on such a 
scale that the extinction at \ 520 my after 5 minutes (0.16) would coincide with the 
extinction at \ 520 my for the acid C;,H2s0; after minutes (0.28)). Themeasurements 
were carried out with an Evelyn photoelectric filter photometer; the reaction pro- 
cedure was that described by Callow et al. (9). 


make a direct comparison with an authentic specimen, isoandrosterone 
was converted into 3-ketoetioallobilianic acid. The procedure used (VI 
— VII — VIII — IX — III) was analogous to one employed by Marker 
and Wittle (18) in the degradation of pregnanol-3(a)-one-20 to 3-ketoetio- 
cholanic acid. It seemed suited for the purpose, as it had been shown by 
Stodola and Kendall (19) that 17-ketosteroids condense very readily with 
benzaldehyde. The 3-ketoetioallobilianic acid prepared in this manner 
proved to be identical with the oxidation product of the saturated triol. 
There was good agreement of the melting points and crystal forms of the 
free acids and their dimethyl esters and no depressions were observed on 
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mixed melting point determinations. The identity of these two sub- 
stances proves conclusively that the triol Ci,)H32.0; is an androstanetriol- 
3,16,17 (II). The isolated compound (I) therefore is an androstenetriol- 
3,16,17. This leaves only the configurations of the hydroxyl groups and 
the location of the double bond undetermined. 
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Androstanetriol and androstenetriol' yielded precipitates with digitonin 
when tested in a medium of 80 per cent ethanol. This indicated that these 
substances belong to the 8 series of 3-hydroxysteroids. Tentative evi- 
dence on the location of the double bond was adduced by a comparison of 
the optical rotations of androstenetriol triacetate and of androstanetriol 
triacetate. Upon reduction of the olefinic bond the molecular rotation 
increased by 25,000°. This suggested that the double bond is located be- 
tween C-5 and C-6, as the reduction of no other isolated ethylenic bond in 
the steroid nucleus is known to produce an effect comparable to this in 
size and sign (21,6). On this basis the isolated compound is to be formu- 
lated as a A®-androstenetriol-3(8),16,17 (I). Definite proof for this 
structure was secured by the conversion of the 3-monoacetate of andros- 
tenetriol (IV) into 8-3-hydroxy-A*-etiobilienic acid (V). The starting 
compound for this reaction (along with the triacetate and a diacetate of 
androstenetriol) was obtained by chromatographic fractionation of the 
acetylated mother liquors of androstenetriol. The monoacetate was identi- 
fied as a derivative of androstenetriol by hydrolysis and also by conversion 
of the resulting triol into androstenetriol triacetate. The presence of one 
acetoxy! group was ascertained by analysis, its location at C-3 by the course 


1 In the case of androstenetriol the reaction was quite incomplete, even when @ 
saturated solution was used. The negative result previously reported (20) was ob- 
tained with a less concentrated solution. 
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of the oxidation with chromic acid. In this reaction bromine was used for 
the protection of the double bond and sodium iodide for the subsequent 
debromination (22). Acetylation of the acidic reaction product yielded 
the anhydride of 8-3-acetoxy-A*-etiobilienic acid. 8-3-Hydroxy-A*-etio- 
bilienic acid was obtained by hydrolysis of the oxidation product and con- 
verted into the dimethyl ester and its acetate. The identities of the free 
acid and of its three derivatives were established by comparison with known 
compounds. A close agreement in melting points, solubilities, and crystal 
forms was observed, and no depression of the melting point occurred upon 
admixture of these reaction products with their reference specimens. The 
latter were obtained from dehydroisoandrosterone acetate. Ring cleavage 
was effected by oxidation with sodium hypoiodite, a procedure which re- 
cently has been described by Wettstein, Fritzsche, Hunziker, and Miescher 
(23). 

The A®-androstenetriol-3(8) , 16,17 described in this paper is not identical 
with the A®°-androstenetriol-3(8) ,16,17 which has been prepared from de- 
hydroisoandrosterone by Butenandt, Schmidt-Thomé, and Weiss (24) and 
by Stodola, Kendall, and McKenzie (25). The difference between the two 
substances must be sought in a different spatial arrangement at C-16, or 
C-17, or both. A similar situation exists in the estrogen series, since es- 
trone if subjected to Stodola’s procedure does not yield estriol, the naturally 
occurring 16,17-glycol, but one of its stereoisomers (26). It must be em- 
phasized, however, that the evidence at hand does not permit us to conclude 
that urinary estriol and our product possess the same configurations at 
C-16 and C-17. If such were the case the isolated androstenetriol would 
bear the same structural relationship to dehydroisoandrosterone as natural 
estriol does to estrone. This question seems of considerable interest as 
identity of the configurations of the glycol groups would lend support to 
any theory which would postulate that both estriol and androstenetriol 
are formed by the same reaction mechanism in vivo. It has been shown 
that the human body can convert estrone into estriol (27). The question 
arises therefore whether androstenetriol can be regarded as a metabolite of 
dehydroisoandrosterone. Since this 17-ketosteroid has been found in in- 
ordinately large amounts in several cases of adrenocortical carcinoma 
(1, 6), our isolation of very large amounts of the triol could readily be ex- 
plained on the basis of such a theory. It is less easily understood, however, 
why androstenetriol has not yet been encountered in other cases of this type. 
Aside from dehydroisoandrosterone no other steroid has been isolated 
from natural sources which bears sufficient structural resemblance to an- 
drostenetriol to warrant its discussion as a possible precursor of the triol 
at this time. It is of interest, however, that the conversion of a17-ketone 
into a 16,17-glycol does not seem to be the only mechanism whereby the 
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animal body can introduce a hydroxy] group into position 16 of the steroid 
nucleus. At least it is difficult to visualize how a 17-ketosteroid could 
have acted as a precursor of allopregnanetriol-3(a) ,16,20 (15) which has 
been isolated from the urine of pregnant mares (28). 

A5’-Androstenetriol-3(8) ,16,17 could not be extracted from urine with 
ether prior to acid hydrolysis. It is believed therefore that the compound 
was excreted in conjugated form. This seems to apply also to other steroids 
present in this urine, as the total neutral fraction and the neutral 17-keto- 
steroids which were extracted with ether from a non-hydrolyzed specimen 
comprised only 1 per cent of the amounts, respectively, that were liberated 
by hydrolysis. In this regard our findings are in contrast to those of Butler 
and Marrian (2, 3) who obtained substantial amounts of free steroids from 
subjects with the adrenogenital syndrome. A possible explanation for 
this difference can be found in the suggestion of Callow, Callow, Emmens, 
and Stroud (29) that the observations of Butler and Marrian (3) as well 
as similar findings of Broster et al. (30) did not reflect the original state of 
17-ketosteroids and androgens in urine but were occasioned by its decom- 
position. 


EXPERIMENTAL? 


Collection and Fractionation of Urine—The clinical and pathological find- 
ings on C. K., a7 year-old boy with an adenocarcinoma of the left adrenal 
cortex and extended metastases in liver and lungs, will be published else- 
where. 12.4 liters of urine were collected during the last 4 weeks of his life. 
The urine was placed in an ice chest immediately after being voided and 
was worked up every other day. 

11.4 liters of this urine were fractionated according to the following pro- 
cedure. 1 volume of urine was brought to a boil, acidified with 0.05 volume 
of concentrated hydrochloric acid, heated under a reflux for 20 minutes, and 
allowed to cool. 0.1 part of sodium chloride was added and the mixture 
extracted with 1 volume, 3 times with } volume of ether, and twice with } 
volume of ethyl acetate. The ether extracts were combined, washed with 
a small amount of water, extracted with 1 volume and twice with 0.25 vol- 
ume of 1 N sodium hydroxide solution (per 1 volume of urine), washed until 
neutral, and taken to dryness. These steps were taken in rapid succession, 
as otherwise an almost colorless precipitate would form in the ether phase.’ 
The weights of the neutral fractions of the ether extracts increased during 
the collection period from 1.26 to 3.56 gm. per liter of urine, 36.9 gm. being 
obtained altogether. 

The alkaline extracts were acidified with concentrated hydrochloric acid 


? All melting points reported are corrected. 
* AS-~Androstenetriol-3(8),16,17 has been isolated from such a precipitate. 
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and the salt concentration raised to 9 per cent. 1 volume of this mixture 
was extracted with 0.75 volume of ether in three portions. The ether ex- 
tracts were washed with small amounts of water and taken to dryness. 
The residues derived from 11.3 liters of urine were taken up in 3 liters of 
ether and extracted five times with 5 percent sodium carbonate solution (to- 
taling 3.4 liters). The ether phase was washed with water and yielded 1.26 
gm. (phenolic fraction). The sodium carbonate extracts were acidified, 
salted, and extracted with ether (3.4 liters) which yielded 9.19 gm. (acidic 
fraction). 

The ethyl acetate extracts (derived from 8.9 liters of urine) were extracted 
with sodium carbonate and with sodium hydroxide solutions. The neutral 
fraction yielded 3.53 gm. of dark brown, partly crystalline material. 

17-Ketosteroid Assays—The 17-ketosteroids in the neutral fractions of 
the ether extracts were determined according to the method of Callow et al. 
(9). They amounted to 320 mg. per liter (275 mg. per 24 hours) on the 28th 
day and to 740 mg. per liter (420 mg. per 24 (?) hours) on the last day before 
death and represented 25 and 24 per cent, respectively, of the weights of 
the neutral fractions. The specimen collected on the day before death 
(565 cc.) had been extracted with ether also prior to acid hydrolysis. The 
neutral fraction of this extract (18.7 mg.) contained 4.4 mg. of 17-keto- 
steroids (24 per cent). 

Isolation of A®-Androstenetriol-3(8) ,16 ,17—45 cc. of benzene* were added 
to the neutral fraction (12.99 gm.) of the ether extract of 4.20 liters of 
urine (collected on 8 days in the period from the 19th to 10th day before 
death). The solvent was brought to a boil and the mixture kept at room 
temperature for 20 hours. The insoluble material was washed with 21 ce. 
of benzene (in four portions) and weighed 1.54 gm. Upon five recrystal- 
lizations from ethanol and methanol 85 mg. of colorless hexagonal prisms 
were obtained, melting at 265-270° with decomposition. The fractionation 
of the mother liquors is described below. 


Analysis—Sample recrystallized from ethanol and dried at 110° in vacuo 
CywH»O;. Calculated, C 74.47, H 9.87; found, C 74.54, H 9.87 


Androstenetriol is readily soluble in pyridine and in glacial acetic acid. 
It is moderately soluble in ethanol, less so in methanol, and only sparingly 
soluble in acetone, ether, and benzene. A saturated solution of andros- 
tenetriol in 80 per cent alcohol was mixed with a solution containing an 
equivalent amount of digitonin (1 per cent in 80 per cent alcohol). A small 
amount of a flocculent precipitate formed within 1 hour. Androstenetriol 
when tested in the Liebermann reaction turned purple, then faded, became 


4 Some batches contained resinous material which did not dissolve in benzene. In 
these instances a minimal amount of methanol was added to the benzene. 


: 
i 
: 
} : 
1 
mM 
? 
5 
4 
} 





; 
; 
: 
; 
: 











370 STEROID EXCRETION 


green, and finally yellow-brown. The androgenic potency of androstene- 
triol has not yet been determined. 

A®-Androstenetriol-3(8) ,16,17 Triacetate—1 ec. of acetic anhydride was 
added to a solution of 33.9 mg. of androstenetriol in 2 cc. of pyridine. After 
the mixture had stood at room temperature for 15 hours, the excess re- 
agent was hydrolyzed by the gradual addition of 1 cc. of cold water. The 
solution was distributed between benzene and water. The benzene layer 
was washed repeatedly with dilute hydrochloric acid and with water and 
was taken to dryness. The residue (47.2 mg.) was recrystallized from 95 
per cent alcohol and yielded 37 mg. of hexagonal plates melting at 187- 
188.5°. After storage for 18 months the melting point of this preparation 
was 189.5-191°. 

Analysis—Sample dried at 80° in vacuo 

CoH yO;. Calculated, C 69.42, H 8.39; found, C 69.23, H 8.43 

Rotation—la]B = —102° (1% in 95% ethanol) 


21.2 mg. of androstenetriol triacetate (m.p. 188.5°), 21 mg. of sodium 
hydroxide, and 2.3 ec. of 90 per cent alcohol were heated under a reflux for 
30 minutes. Ethyl acetate was added, and the mixture was washed three 
times with water and taken to dryness. The residue (14.3 mg.) was re- 
crystallized twice. This preparation of androstenetriol melted at 267—270°. 

Fractionation of Mother Liquors of A®°-Androstenetriol-3(8) ,16 ,17—The 
first two mother liquor fractions obtained in the purification of androstene- 
triol were extracted with benzene, dried, and acetylated at room tempera- 
ture with acetic anhydride and pyridine. The third to fifth mother liquors 
were acetylated in the same manner. 266 mg. of androstenetriol triacetate 
melting at 185.5-187.5° were obtained by recrystallization. The remainder 
of the acetylated material (1044 mg.) was extracted with 55 cc. of petroleum 
ether containing 20 per cent of benzene. 17 mg. of an amorphous product 
remained undissolved and were discarded. The solution was passed 
through a column (150 mm. X 19 mm.) of Brockmann’s aluminum oxide 
(manufactured by Merck and Company, Inc., Rahway, New Jersey). 
The chromatogram was developed with petroleum ether containing 20 per 
cent (995 ec.), 30 per cent (500 cc.), and 50 per cent (1680 cc.) of benzene, 
with benzene (1950 cc.), with benzene containing 25 per cent (1000 cc.) 
and 50 per cent (950 cc.) of ether, with ether (845 cc.), with ether contain- 
ing 25 per cent (1340 ec.) and 50 per cent (1250 cc.) of acetone, with acetone 
(1615 ec.), and finally with methanol (1470 ec.). This was followed by 
extraction of the alumina with methanol in a Soxhlet apparatus. In this 
manner forty fractions were collected. Their examination has not yet 
been completed and a detailed account of this experiment will therefore 
not be given at this time. 
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The first eluate (12 mg.) was collected with petroleum ether containing 
50 per cent of benzene (250 cc.). Fraction 2 (64 mg.) which was obtained 
with 250 cc. of the same solvent mixture was repeatedly recrystallized 
from methanol. 31 mg. of hexagonal plates were obtained melting at 
186.5-188.5°. The melting point was not depressed by admixture with 
androstenetriol triacetate. The isolation of androstenetriol diacetate from 
Fractions 17 and 18 (the final eluates with benzene containing 25 per cent 
of ether (2 X 300 cc.)) and of androstenetriol monoacetate-3 from Fractions 
27 to 33 (the eluates with the final 330 cc. of ether containing 25 per cent 
of acetone, with ether containing 50 per cent of acetone, and with the 
initial 600 cc. of acetone) will be described below. With the inclusion of 
these compounds a total of 401 mg. of A°-androstenetriol-3(8) ,16,17 has 
so far been isolated in free form or as derivatives from these 4.2 liters of 
urine (95 mg. per liter). It is to be expected that additional amounts will 
be obtained from fractions not yet investigated. 

A®-Androstenetriol-3(B),16,17 Diacetate—Fraction 17 obtained in the 
chromatographic separation of the acetylated mother liquors of andros- 
tenetriol (92 mg.) was repeatedly recrystallized from dilute ethanol and 
from methanol. 48 mg. of rectangular plates were obtained with none, 
one, two, or rarely three or four of its corners cut by a facet. These 
crystals melted at 183-187°. The melting point was depressed (153-164°) 
by admixture with androstenetriol triacetate. Fraction 18 (38 mg.) 
yielded an additional 24 mg. of the same compound. 

Analysis—Sample dried at 80° in vacuo 

C23Hs,O0;. Calculated, C 70.74, H 8.78; found, C 70.60, H 8.82 

35.4 mg. of androstenetriol diacetate were dissolved in 11 ec. of methanol 
and treated with 0.5 cc. of an aqueous solution (4 per cent) of sodium hy- 
droxide. The mixture which was kept at room temperature for 24 hours 
deposited large hexagonal prisms. An additional crop was obtained by 
the addition of water. The crystals were repeatedly washed with water, 
dried (27.1 mg.), and recrystallized from 95 per cent ethanol and from 90 
per cent methanol. The melting point (266-270°, with decomposition) 
had remained constant during the last two recrystallizations and was not 
depressed by admixture with androstenetriol. The final product appeared 
to retain 0.5 mole of methanol, even at rather high temperatures in vacuo. 
Sample A was dried at 110°, Sample B at 135°. 

Analysis—C,sH Os. Calculated. C 74.47,H 9.87 

CisH»O;-3CH;0OH. “4 ** 72.63, ‘‘ 10.00 
Found (A). “ 72.72, “ 9.95 
= @&.. ~~ ae 

To confirm the identity of this product the triol was reacetylated with 
acetic anhydride and pyridine at room temperature. The final product 
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showed no depression of its melting point (189-190°) upon admixture with 
androstenetriol triacetate. 

A®-Androstenetriol-3(8) ,16,17 Monoacetate-3—All eluates containing an- 
drostenetriol monoacetate (Fractions 27 to 33, 133 mg.) were contaminated 
with colorless material that rapidly darkened upon exposure to air. The 
three middle fractions (54 mg.) were recrystallized three times from 
methanol. 13.5 mg. of colorless rectangular plates melting at 243-245° 
were obtained. The melting point could not be raised by further recrystal- 
lization. The other eluates were similarly purified, and the mother liquors 
combined, distilled in a high vacuum, and recrystallized. 56 mg. of an- 
drostenetriol monoacetate were obtained altogether. 


Analysis—Sample dried at 100° in vacuo 
CyH,0;. Calculated, C 72.38, H 9.26; found, C 72.06, H 9.10 


20.4 mg. of androstenetriol monoacetate were hydrolyzed in dilute meth- 
anol with sodium hydroxide at room temperature. The reaction product 
(17.5 mg.) was recrystallized from methanol. Its melting point (268-271°, 
with decomposition) could not be raised by further recrystallizations from 
95 per cent ethanol or from methanol and was not lowered by admixture 
with androstenetriol. 


Analysis—Sample recrystallized from methanol and dried at 110° in vacuo 
CyH»O;-}CH;OH. Calculated, C 72.63, H 10.00; found, C 72.78, H 10.06 


7.4 mg. of the free triol were reacetylated in 0.6 cc. of pyridine with 0.3 
ec. of acetic anhydride. The ester (10.5 mg.) was recrystallized three times 
from dilute methanol and then showed a melting point of 187.5-189.5° 
which was not depressed by admixture with androstenetriol triacetate. 

Androstanetriol-3(8) ,16 ,17—A solution of 34 mg. of androstenetriol in 
16 cc. of ethanol was shaken in an atmosphere of hydrogen in the presence 
of 515 mg. of a 1 per cent palladium-calcium carbonate catalyst (31). The 
reaction ceased after 7 minutes, when approximately 1 mole of hydrogen 
had been taken up. The catalyst was removed by filtration. The reaction 
product after several recrystallizations from methanol melted at 256-260°. 


Analysis—Sample dried at 110° in vacuo 
CisH320;. Calculated, C 73.98, H 10.46; found, C 73.92, H 10.38 


Androstanetriol is appreciably more soluble in ethanol and methanol than 
androstenetriol. Androstanetriol, dissolved in 80 per cent ethanol, formed 
a precipitate with digitonin almost instantaneously. 
Androstanetriol-3(8) ,16,17 Triacetate—A solution of 78 mg. of andros- 
tenetriol triacetate in 14 cc. of 95 per cent alcohol was hydrogenated in 
the presence of 500 mg. of 1 per cent palladium-calcium carbonate catalyst. 
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The reaction product was freed of a small amount of material insoluble in 
acetone (but soluble in methanol) and recrystallized from methanol, in 
which it was less soluble than the starting compound. The final product 
melted at 175.5-176.5°. One sample of this preparation was dried at 80° 
in vacuo (Sample A), another by sublimation in a high vacuum (Sample B). 
The sublimate also melted at 175.5—176.5°. 
Analysis—C.;H3s05. Calculated. C 69.09, H 8.81 
Found (A). “ 68.44, ‘* 8.91 
“ - @. ae, “ta 
Rotation— |alp = —44° (Sample A, 0.45% in 95% ethanol) 


Oxidation of Androstanetriol-3(8) ,16,17; 3-Ketoetioallobilianic Acid— 
A mixture of 20.8 mg. of androstanetriol (m.p. 252-258°) in 2 ec. of glacial 
acetic acid and of 22.2 mg. of chromium trioxide in 0.3 cc. of 90 per cent 
acetic acid was kept at room temperature for 21 hours. The excess of 
chromic acid was reduced with methanol and the solution taken to dry- 
ness under reduced pressure. The residue was distributed between ether 
and water. The ether phase was washed with water, extracted three 
times with 4 per cent sodium hydroxide solution, washed with water, and 
evaporated. The residue weighed 0.2 mg. The alkaline extracts were 
acidified and extracted with ether. The acidic fraction yielded 15.1 mg. of 
colorless crystals. These were recrystallized from 50 per cent alcohol. 
The final product (7.7 mg.) melted at 253-256° with evolution of gas and 
formation of a brown pigment. A mixture with a specimen of 3-ketoetio- 
allobilianic acid (m.p. 252-256°) prepared from isoandrosterone melted at 
254-257°. Higher melting points (258°) were observed for both prepara- 
tions of this acid when the samples were heated at a somewhat faster rate. 


Analysis—Sample dried at 110° in vacuo 
CyeH2sO;. Calculated, C 67.83, H 8.39; found, C 67.72, H 8.30 


2.8 mg. of 3-ketoetioallobilianic acid were dissolved in an ethereal solu- 
tion of diazomethane. The resulting ester was recrystallized from 80 
per cent methanol and melted at 131.5-134.5°. Admixture of an authentic 
specimen of 3-ketoetioallobilianic acid dimethyl ester (m.p. 135-136°) 
did not depress the melting point. The melting point recorded for this 
compound in the literature is 135° (15). 

Oxidation of A®-Androstenetriol-3(8) ,16 ,17 Monoacetate-3; 8-3-Hydroxry- 
A*-etiobilienic Acid—14.2 mg. of androstenetriol monoacetate (m.p. 239- 
242°) were dissolved in 1.2 ec. of glacial acetic acid. A solution of bromine 
in glacial acetic acid (about 68 mg. per cc.) was added until a faint yellow 
tint persisted for 15 minutes (0.13 cc.). The mixture was treated with a 
solution of 12.3 mg. of chromium trioxide in 0.2 cc. of 90 per cent acetic 
acid for 24 hours at room temperature, reduced with methanol, and evapo- 
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rated under reduced pressure. The residue was distributed between ether 
and 0.1 N hydrochloric acid, and the ether layer was washed repeatedly 
with water and taken to dryness. A solution of 25 mg. of sodium iodide 
in 5 ec. of acetone was added to this product. lodine was formed imme- 
diately. The mixture was refluxed for 100 minutes, concentrated to a 
small volume, taken up in 60 cc. of ether and 10 cc. of water containing 0.2 
per cent of sodium sulfite, and then shaken until colorless. The aqueous 
phase which was not separated was acidified and again extracted with the 
ether layer and then three more times with fresh ether. The ether solu- 
tions were combined, washed with water, extracted three times with a 4 
per cent solution of sodium hydroxide, again washed with water, and taken 
to dryness (2.2 mg.). The alkaline extracts were acidified and extracted 
with ether, which yielded 10.5 mg. of acidic products. These were treated 
with 0.5 cc. of acetic anhydride and 1 cc. of pyridine at room temperature 
for 17 hours. Ether was added and the solution washed with water, dilute 
hydrochloric acid, sodium carbonate solution, and water. The acetylated 
product was recrystallized from methanol. 4.0 mg. of §-3-acetoxy-A’- 
etiobilienic anhydride were obtained. The melting point of this product 
(186—188°) was not lowered by admixture with a specimen of the anhydride 
(m.p. 186-188°) that had been prepared from dehydroisoandrosterone 
acetate (23). 


Analysis—Cy,H»O;. Calculated, C 69.98, H 7.83; found, C 70.50, H 8.11 


The following melting points have been reported for this anhydride: 188° 
corrected (13, 14), 186° uncorrected (24), and 190.5-191.5° corrected (23). 

The acidic fraction obtained in the oxidation of another batch of an- 
drostenetriol monoacetate-3 (14.4 mg.) was kept in alkaline solution (4 
per cent sodium hydroxide) at room temperature for 17 hours before it 
was acidified and extracted with ether. The reaction product (7 mg.) 
was recrystallized from 65 per cent ethanol. 3.6 mg. of needle-shaped 
crystals were obtained that melted at 232-236°. Further recrystallization 
from dilute alcohol yielded 3.4 mg. of platelets melting at 247-255°. These 
two products appear to be allotropic modifications, as similar crystals and 
melting points were observed with an authentic preparation of §-3-hy- 
droxy-A*-etiobilienic acid. (In this case a product melting at 250° yielded 
on recrystallization first needles melting at 236-237° and then platelets 
melting at 251-255°.) A mixture of the high melting form derived from 
androstenetriol with the low melting form of the reference compound 
melted at 247-255°. In all cases melting was accompanied by formation 
of a brown pigment and evolution of gas. 6-3-Hydroxy-A*-etiobilienic 
acid has been reported to melt at 251°, corrected (13). 

2.9 mg. of 8-3-hydroxy-A’-etiobilienic acid were methylated with diazo- 
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methane. The ester was recrystallized from dilute acetone and from petro- 
leum ether. Needles melting at 107.5-110° were obtained. The melting 
point of a mixture with §-3-hydroxy-A*-etiobilienic acid dimethyl ester 
(m.p. 112-113°) prepared from dehydroisoandrosterone acetate was 109- 
113°. Kuwada (13) has reported a melting point of 112°, corrected, for 
this ester. 

The reaction product (8-3-hydroxy-A‘-etiobilienic acid dimethyl ester) 
was combined with its mother liquor fractions and the methylated mother 
liquors of the free acid, and acetylated with acetic anhydride and pyridine 
at room temperature. The acetate was recrystallized from dilute methanol 
and from petroleum ether. The final product melted at 147—151.5°, and 
in mixture with an authentic sample of 8-3-acetoxy-A*-etiobilienic acid 
dimethyl ester (m.p. 152-153.5°) at 150.5-153°. The melting points 
(corrected) reported in the literature for this compound are 153° (13) and 
156-157° (23). 

Oxidation of A®°-Androstenetriol-3(8) ,16,17 with Periodic Acid—The use 
of aqueous ethanol as a reaction medium led to the formation of a yellow 
oil which could not be induced to crystallize. In the subsequent experi- 
ments a suggestion of Miescher, Hunziker, and Wettstein (32) was fol- 
lowed, who recommended the use of aqueous dioxane. A solution of 14 
mg. of periodic acid (HIO,-2H,O, supplied by the G. Frederick Smith 
Chemical Company, Columbus, Ohio) in 0.1 cc. of water was added to a 
suspension of 10.2 mg. of androstenetriol in 2.7 cc. of dioxane (purified 
according to Eigenberger (33)). The reaction vessel was filled with nitro- 
gen, agitated occasionally until the triol had dissolved, and allowed to 
stand at room temperature for 16 hours altogether. During that time 
water-soluble, needle-shaped crystals had separated from the colorless 
solution. (These can be dissolved by reducing the dioxane concentration 
to 80 per cent. When this was done in another experiment, gradual 
liberation of iodine was observed and only a small yield of water-insoluble 
material was obtained.) The reaction mixture was distributed between 
55 cc. of benzene and 12 cc. of water. A crystalline precipitate formed. 
This was separated by centrifuging and washed repeatedly with water. 
(Yield, 6.9 mg.) The product reduced Tollens’ reagent promptly in the 
cold. It crystallized from dilute methanol or ethanol in rhombic plates 
and from acetone in fine needles and melted at 131-134°. The prepara- 
tion used for analysis which was obtained from this material and from the 
residue of the washed benzene extract (2.7 mg.) melted at 132-133°. 
It was dried at 80° in vacuo. The analytical figures (found, C 70.08, H 
8.95) do not agree at all with those calculated for A®-androstenol-3()- 
dial-16||17 (C 74.96, H 9.27) which was expected to result from this reac- 
tion. The product used for analysis gave a negative Beilstein test for 
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halogens. Attempts to obtain the dialdehyde were discontinued when the 
structure of the starting compound became established, as it seemed ad- 
visable to conserve the remainder of the material for the more urgent task 
of studying the configurations of the hydroxyl groups at C-16 and C-17. 


Preparation of 3-Ketoetioallobilianic Acid 


16-Benzylidenandrostanol-3(8)-one-17—A solution of 152.7 mg. of iso- 
androsterone in 5 cc. of methanol was mixed with a solution of sodium 
methylate (48.5 mg. of sodium in | ec. of methanol) and heated under a 
reflux for 85 minutes. During the first 25 minutes 0.54 cc. of a mixture of 
benzaldehyde and methanol (1:4) was added in four portions. Crystals 
formed on cooling. The reaction mixture was distributed between ether 
and water, and the ether layer was washed twice more with water and 
taken to dryness. The residue was recrystallized once from acetone. 
176.2 mg. of hair-like needles were obtained which melted at 176.5-181.5°. 
This product was used for the next step. A sample which was purified 
further for analysis melted at 181.5-182.5°. It was dried at 80° in vacuo. 


Analysis—-CxHyO:. Calculated, C 82.49, H 9.05; found, C 82.10, H 9.42 


16-Benzylidenandrostanol-3(8)-one-17 Acetate—166.9 mg. of benzyli- 
denisoandrosterone were acetylated with 4 ec. of pyridine and 2 cc. of 
acetic anhydride at room temperature. The crude acetate (175 mg.) 
was oxidized without purification. Another preparation was recrystal- 
lized from methanol, in which it is only moderately soluble. Hexagonal 
plates melting at 237-238° were obtained. 

Analysis—Sample dried at 80° in vacuo 

CysHO;. Calculated, C 79.96, H 8.63; found, C 79.79, H 8.77 

8-3-Hydroxyetioallobilianic Acid—A solution of 175 mg. of benzyliden- 
isoandrosterone acetate in 24 cc. of glacial acetic acid was stirred and main- 
tained at 60° for 5 hours. 220 mg. of chromic acid in 3 cc. of 90 per cent 
acetic acid were added dropwise during the initial 75 minutes. The excess 
of the oxidant was reduced with methanol and the mixture taken to dryness 
in vacuo. The residue was distributed between ether and water; the ether 
phase was washed with dilute hydrochloric acid and extracted with 1 N 
sodium hydroxide solution. The ether yielded 7 mg. of a colorless oil. 
The alkaline extracts were kept at room temperature for 18 hours and then 
boiled for a few minutes. An ether extract of the acidified solution yielded 
156 mg. of a crystalline residue. This was recrystallized from acetone 
and then repeatedly from 75 per cent alcohol. 8-3-Hydroxyetioallobilianic 
acid crystallized from this solvent in rectangular prisms which disintegrated 
on drying. The top fraction (56 mg.) melted at 254-257° with evolution 











— i A Fe ‘ 


—- re (es ells 











H. HIRSCHMANN 377 


of gas. The melt was colorless. The mother liquors were freed of benzoic 
acid by extraction with petroleum ether and yielded on recrystallization an 
additional 22 mg., melting at 249-253°. With the inclusion of this ma- 
terial the over-all yield of 8-3-hydroxyetioallobilianic acid from isoandros- 
terone was 46 per cent. 


Analysis—Sample dried at 110° in vacuo 
CysH»O;. Calculated, C 67.43, H 8.94; found, C 67.59, H 8.96 


The melting points of this acid varied somewhat with the rate of heating 
but were always distinctly higher than those recorded in the literature 
(239° corrected (14), 238° (34), 244-247° (16), and 246-247° (35)). 

3-Ketoetioallobilianic Acid—40.8 mg. of 8-3-hydroxyetioallobilianic acid 
were dissolved in 2 cc. of glacial acetic acid and treated with 12.5 mg. of 
chromic acid (in 0.17 cc. of 90 per cent acetic acid) at room temperature 
for 18 hours. The reaction mixture was worked up in the usual manner 
and yielded 38.8 mg. of colorless crystals. Upon recrystallization from 60 
per cent alcohol 31.2 mg. of 3-ketoetioallobilianic acid were obtained in 
faceted prisms which melted at 253-257° with evolution of gas and forma- 
tion of a brown pigment. 


Analysis—C,sH2s0;. Calculated, C 67.83, H 8.39; found, C 67.36, H 8.40 


13 mg. of 3-ketoetioallobilianic acid were methylated with diazomethane. 
The dimethyl! ester was recrystallized from dilute methanol and melted at 
135-136°. 


Analysis—Sample dried at 60° in vacuo 
CuH3,0;. Calculated, C 69.20, H 8.85; found, C 68.77, H 8.81 


SUMMARY 


A new compound of the composition Cis;H3oO; melting at 267-270° 
has been isolated from the urine of a boy with an adrenocortical carcinoma 
and identified as a A‘-androstenetriol-3(8),16,17. The triacetate (m.p. 
189.5-191°, [a], = —102°), a diacetate (m.p. 183-187°), and the 3-mono- 
acetate (m.p. 243-245°) of this compound as well as the dihydro derivative 
(androstanetriol-3(8) ,16 ,17, m.p. 256—260°) and its triacetate (m.p. 175.5- 
176.5°, [a], = —44°) have been prepared. 

The structural assignment is based chiefly on the conversions of the satu- 
rated triol C:,H320; into 3-ketoetioallobilianic acid and of the monoacetate 
of the isolated compound into 8-3-hydroxy-A*-etiobilienic acid. 

The preparation of 3-ketoetioallobilianic acid from isoandrosterone via 
the 16-benzylidene derivative is described. 

The question of the precursor of androstenetriol in vivo is briefly dis- 
cussed. 
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THE ISOLATION OF MONONUCLEOTIDES AFTER HYDROLYSIS 
OF RIBONUCLEIC ACID BY CRYSTALLINE 
RIBONUCLEASE* 


By HUBERT 8. LORING anp F. H. CARPENTER 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, July 19, 1943) 


Since the discovery by Jones (1) of a thermostable enzyme in the pan- 
creas, capable of hydrolyzing ribonucleic acid without the release of either 
phosphoric acid or purine bases, the evidence as to the nature of its action 
has been extremely conflicting. Jones and Perkins isolated four mono- 
nucleotides from enzyme-treated nucleic acid and concluded that the action 
of the enzyme consisted in breaking nucleotide linkages only (2). Levene, 
however, was not successful in his attempts to repeat the experiments of 
Jones ((3) p. 312) and in a paper with Schmidt (4) reached the conclusion 
that “The function of the enzyme is that of a depolymerizing agent, limited 
to the dissociation of the tetranucleotides of high molecular weight into 
those of lower molecular weight.” 

A thermostable enzyme with properties identical with those of the impure 
extracts mentioned above was isolated and crystallized by Kunitz and 
provisionally named ribonuclease (5). Its action consisted in the libera- 
tion of free acid groups without the formation of free phosphoric acid, and 
in the formation of split-products not precipitable by glacial acetic acid 
and readily diffusible through collodion or cellophane membranes. Allen 
and Eiler confirmed the crystallization of the enzyme and showed that the 
increase in free acid groups after enzymic action approached 1 equivalent 
for each mole of ribonucleic acid used, assuming a value of 1286 for the 
molecular weight of ribonucleic acid (6). Subsequently Bolomey and 
Allen showed that the hydrolytic action of a non-specific phosphatase was 
50 to 150 per cent greater on ribonucleic acid that had been treated pre- 
viously with ribonuclease in comparison with the untreated acid (7). 

In the present paper we report the isolation and identification of four 
nucleotides from ribonucleic acid treated with crystalline ribonuclease, 
thus confirming the original finding of Jones. Control experiments on the 
fractionation of ribonucleic acid by similar procedures in the absence of 
enzyme treatment gave amorphous products with the general properties 
of the original nucleic acid. 

* This work was supported in part by a grant from the Rockefeller Foundation 
Fluid Research Fund of the Stanford University School of Medicine. 
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As the term nuclease was originally suggested as generic for all enzymes 
which act on nucleic acid and their various split-products and nucleinase 
for those which disrupt polynucleotides to mononucleotides (8), it appears 
that the latter with the prefix ribo- to denote the type of nucleic acid is a 
more appropriate name for the crystalline enzyme. It is proposed, there- 
fore, that the term ribonucleinase be adopted for this enzyme rather than 
ribonuclease as provisionally suggested by Kunitz. 


EXPERIMENTAL 


Enzyme Preparations—In most of the experiments ribonucleic acid was 
hydrolyzed with either of two highly purified ribonucleinase preparations 
kindly provided by Dr. M. Kunitz.!. One sample had been recrystallized 
five times from ammonium sulfate solution; the other four times from 
ammonium sulfate and three times from alcohol. Although all the nucleo- 
tides with the exception of adenylic acid were isolated after hydrolysis with 
these preparations, they were not obtained in a single experiment. In 
that in which all the nucleotides were isolated, as described in detail below, 
a sample of ribonucleinase prepared in this laboratory by the method of 
Kunitz (5) was used. It had been purified by three recrystallizations 
from ammonium sulfate solution and by one from alcohol. 

Hydrolysis of Yeast Nucleic Acid—The method found most advantageous 
for the hydrolysis was the treatment of the ammonium salt of the ribo- 
nucleic acid at a neutral or slightly acid pH with ribonucleinase. In the 
experiment to be described the solution of nucleic acid was divided into two 
portions, one of which was treated with ribonucleinase and worked up for 
the fractionation of the products of hydrolysis. The other was worked 
up by the same procedure to determine whether similar products could be 
obtained from the neutral solution without the use of ribonucleinase. 

100 gm. of commercial yeast nucleic acid (Eastman Kodak Company) 
were suspended in 400 ml. of distilled water, and concentrated ammonium 
hydroxide was added: dropwise with mechanical stirring until the nucleic 
acid was completely dissolved. The pH of the solution was 6.3. The 
volume was adjusted to 500 ml. and the solution was divided into two equal 
portions. 50 mg. of crystalline ribonucleinase were added to one portion 
and both solutions were allowed to stand at room temperature for 18 hours. 
The pH of the enzyme-treated solution decreased to 5.5, while that of the 
control remained at 6.3. Both solutions were made neutral to litmus with 
ammonium hydroxide and were treated by Levene’s method (9) for the 
fractionation of the nucleotides obtained by alkaline hydrolysis into gua- 
nylic and adenylic acid fractions, respectively. 


1 We should like to express our thanks to Dr. Kunitz for a generous supply of these 
products. 
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Identification of Nucleotides from Enzyme-Treated Ribonucleic Acid 


Guanylic Acid Fraction—The guanylic acid fraction, consisting of the 
ammonium salts insoluble in 50 per cent alcohol, was reprecipitated from 
50 per cent alcohol and converted to the corresponding brucine salts by 
Levene’s method (9). After one recrystallization from 35 per cent alcohol, 
2gm. of a product which sintered at 185-195° and decomposed with evolu- 
tion of gas at 218° were obtained. For further purification the brucine salt 
was converted to the crystalline tertiary sodium salt. 1.7 gm. of brucine 
salt were suspended in 10 ml. of 2 N sodium hydroxide, and the liberated 
brucine was extracted with chloroform. The clear aqueous solution was 
treated immediately with 40 ml. of 95 per cent alcohol, as given by Steudel 
and Peiser (10) for the preparation of trisodium guanylate. A yellow oil 
separated, which crystallized after it had been seeded with crystalline 
sodium guanylate and allowed to stand in the refrigerator overnight. This 
product was further purified by precipitation as the disodium salt from hot 
20 per cent sodium acetate solution. It was then crystallized as before, 
as the trisodium salt by the addition of alcohol to the disodium salt dis- 
solved in 2 N sodium hydroxide. The yield of twice crystallized sample 
was 0.15 gm. In another experiment in which 100 gm. of ribonucleic 
acid were hydrolyzed and the precipitation from 20 per cent sodium ace- 
tate solution was omitted, 3.8 gm. of a sample of trisodium guanylate, 
crystallized three times, were obtained. The specific rotation of the dried 
product (110° to constant weight over phosphorus pentoxide in vacuo) in 
5 per cent sodium hydroxide was [a]2= —56.1° (c, 0.8 per cent). The 
specific rotation of crystalline trisodium guanylate prepared by alkaline 
hydrolysis of yeast nucleic acid and determined under the same conditions 
was [a];’ = —57.6°. 

Preparation of Pure Dibrucine Guanylate—0.11 gm. of the sodium guan- 
ylate described above obtained by enzyme treatment was converted directly 
to the brucine salt by adding 1 ml. of 1 N acetic acid and 0.18 gm. of brucine 
dissolved in alcohol. When the hot solution had cooled, the crystalline 
dibrucine salt separated. After two recrystallizations from 35 per cent 
aleohol the yield of air-dried product was 0.1 gm. This product, like pure 
dibrucine guanylate, when placed in the melting point bath at 200° sintered 
at 210° and decomposed with evolution of gas at 224°. A mixed melting 
point determination with pure dibrucine guanylate showed exactly the 
same behavior. Analysis of the air-dried compound for nitrogen by the 
micro-Dumas method gave 9.97 and 9.95 per cent as compared to the theo- 
retical of 9.85 per cent nitrogen for CypHjOsNsP(C2sH2sN20x)2-7H20. 

Fractionation of Adenylic Acid Fraction. Uridylic Acid—The ammonium 
salts soluble in 50 per cent alcohol were converted to brucine salts by the 
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usual procedures. These were recrystallized nine times from 35 per cent 
alcohol as employed for the purification of dibrucine uridylate. 2.7 gm. 
of material which sintered at 171-178° and decomposed with frothing at 
212-217° were obtained from 50 gm. of yeast nucleic acid. Analysis of the 
air-dried compound by the micro-Dumas method gave 6.63, 6.87, and 6.5] 
per cent nitrogen as compared to the theoretical of 6.79 per cent for 
CoH yOoN2P(CosHeO.Ne)2-7H2O. The specific rotation of the air-dried 
compound in dry pyridine was [a] = —54.4° (c, 1.16 per cent). The 
value for dibrucine uridylate under the same conditions is —55.9° (11), 
Pure dibrucine uridylate was obtained after enzymic hydrolysis in several 
other experiments; in one in which the yield was determined, 4 gm. of a 
sample crystallized nine times were isolated from 100 gm. of ribonucleic 
acid. 

Further identification of uridylic acid was obtained by converting the 
dibrucine salt to the crystalline diammonium salt by the method of Levene 
(12). 0.83 gm. of thrice crystallized diammonium uridylate was recovered 
from 5.5 gm. of brucine salt. When placed in the melting point bath at 
165°, it shrank at 170-175° and decomposed with evolution of gas at 183°. 
A mixed melting point determination with a sample of diammonium salt 
prepared by alkaline hydrolysis showed the same behavior. The specific 
rotation of the air-dried compound in water was [a]? = +20.9° (c, 2 per 
cent) as compared to the value of [a], = +21° found by Levene (12). 

Isolation and Identification of Cytidylic Acid—The mother liquors ob- 
tained from the first three crystallizations of the adenylic acid fraction 
described above were combined and concentrated to a small volume in 
vacuo at 40°. The brucine salts which separated (45 gm.) were recrystal- 
lized three times from 35 per cent alcohol, and the resulting mother liquors 
were again concentrated to a small volume in vacuo at 40°, giving another 
fraction of brucine salts (37 gm.). The latter brucine salts were converted 
to the corresponding free acids by way of the ammonium and lead salts, 
and the solution of the free acids was concentrated to a syrup in a vacuum 
desiccator over sulfuric acid. Attempts to cause crystallization by dis- 
solving the syrup in small volumes of water and taking to dryness in a 
desiccator were finally successful, and a crystalline product was obtained 
which could be recrystallized by Levene’s method for cytidylic acid (13). 
After five crystallizations 0.4 gm. was obtained. When placed in the bath 
at 218°, this product decomposed sharply at 230° (corrected) with evolution 
of gas, and the decomposition point was not lowered when mixed with 
known cytidylic acid. The air-dried compound was free from water of 
hydration and in two analyses gave 12.56 and 12.97 per cent nitrogen 
(micro-Dumas) as compared to the theoretical of 13.00 per cent for 
CyHyOsN;P. 

The most insoluble brucine salts obtained from the first three mother 
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liquors as described above and the brucine salts from the mother liquors 
of the four to nine crystallizations of the brucine uridylate fraction were 
converted to the corresponding free acids. From a total of 35 gm. of bru- 
cine salt obtained in several different experiments, 2.8 gm. of twice crystal- 
lized cytidylic acid were isolated.? 

Isolation and Identification of Adenylic Acid—The mother liquors from 
the first three crystallizations of the cytidylic acid mentioned above ob- 
tained from the most soluble brucine salts were combined and concentrated 
toa smal! volume in vacuo at 40°. The solid which separated on the addi- 
tion of alcohol was redissolved in water and reprecipitated four times with 
alcohol. It was then extracted three times at 0° with dry pyridine. The 
residue was dissolved in a small volume of warm water by the addition of 
ammonium hydroxide to a neutral reaction, and the solution was made 
acid to Congo red with hydrochloric acid and allowed to cool slowly. 210 
mg. of crystals separated with the characteristic appearance of adenylic 
acid prepared by alkaline hydrolysis. After two more crystallizations as 
described above and after one from hot water, 100 mg. of a product which 
decomposed at 192° were obtained. A mixed melting point with known 
adenylic acid gave the same value. The specific rotation of the air-dried 


compound in water was [a]}‘ = —38° (c, 1 per cent). The rotation of ad- 
enylic acid prepared by alkaline hydrolysis and determined under the same 
conditions was [a]?! = —39°. The sample obtained. after enzymic hy- 


drolysis contained 17.1 per cent nitrogen as compared to the theoretical of 
19.23 per cent for CjoHyO7N;P-H,O. As adenylic acid sometimes contains 
cytidylic acid as an impurity (14), the sample was recrystallized under the 
conditions used to purify cytidylic acid, and the mother liquors were again 
worked up for adenylic acid. 25 mg. of long needles having a decomposi- 
tion point of 196° (corrected) were obtained. This product contained 
18.08 per cent nitrogen. While the analysis was somewhat low for pure 
adenylic acid, the sample agreed in decomposition point, optical activity, 
and crystalline form with yeast adenylic acid prepared by alkaline hydrol- 
ysis. Because of the small amount of sample remaining at this point, fur- 
ther purification was not attempted. 

In the preparation of adenylic acid after alkaline hydrolysis, the free 
acid is usually obtained from the mother liquors of the first three crystal- 
lizations of the brucine salts of the adenylic acid fraction. Several attempts 
in other experiments to work up similar fractions for adenylic acid after 
enzymic hydrolysis always led to the isolation of cytidylic acid. Adenylic 
acid was finally obtained in the preparation described with great difficulty 
and in extremely small yield by the procedure mentioned above. 


* These fractions were worked up by John G. Pierce in connection with certain 
experiments in which a source of cytidylic acid was required. 
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Attempted Fractionation of Control 


The control, consisting of 50 gm. of the ammonium salt of ribonucleic 
acid, was treated with alcohol as carried out for the fractionation of hy- 
drolyzed nucleic acid into guanylic acid and adenylic acid fractions respee- 
tively. The part which separated from 50 per cent alcohol weighed 26 gm. 
The ammonium salt soluble in 50 per cent alcohol (24 gm.) was converted 
to the free acids by preparing the lead salts and treating the latter with 
hydrogen sulfide. On neutralization of the aqueous solution with brucine, 
a brown gummy material separated. Repeated attempts to crystallize 
this gum from 35 per cent alcohol failed. Although no quantitative experi- 
ments were carried out, the general behavior of this material was com- 
parable to that of the brucine salt obtained when ribonucleic acid was 
neutralized directly with brucine. The yield of the amorphous brucine 
salt dried in a vacuum desiccator over sulfuric acid was 25 gm. 


DISCUSSION 


The isolation of mononucleotides after hydrolysis of ribonucleic acid by 
the crystalline ribonuclease of Kunitz or as suggested above by ribonucle- 
inase establishes the mode of action of this enzyme and is in agreement 
with the earlier results of Jones and Perkins with less pure enzyme prepara- 
tions. The conflicting findings of Schmidt and Levene are based on the 
observations that the products of digestion were not dialyzable through 
cellophane, as was the mixture of mononucleotides obtained by alkaline 
hydrolysis, and that no appreciable change was found in depression of the 
freezing point of the digested nucleic acid. It should be pointed out, how- 
ever, that the dialysis after alkaline hydrolysis was carried out in the 
absence of the enzyme preparation which probably contained appreciable 
amounts of inert protein, and that the conditions for the two experiments 
were therefore not comparable. Furthermore Kunitz (5) has demonstrated 
that about 50 per cent of the phosphorus present after treatment of ribo- 
nucleic acid with crystalline ribonucleinase dialyzes through cellophane. 
It seems established, therefore, in agreement with the isolation of the 
mononucleotides that at least a portion of the original nucleic acid is diffus- 
ible after enzyme action. Isolation procedures such as are available for 
the preparation of the nucleotides obviously cannot provide a quantitative 
answer to the question as to the amounts of mononucleotides produced. 
The experiments of Kunitz and those of Allen and Eiler, however, give 
some measure of this. In quantitative experiments, Kunitz found that a 
maximum of about 40 per cent of the original ribonucleic acid was no longer 
precipitable by uranium acetate after treatment with ribonucleinase. As 
mononucleotides were not precipitated under the conditions used (15), this 
gives a maximum of 40 per cent for the amount of mononucleotides which 
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could have been produced during the hydrolysis. Allen and Eiler showed 
that the increase in free acid groups after enzymic action approached 1 
equivalent for each mole of ribonucleic acid used, assuming a molecular 
weight of 1286. If the original ribonucleic acid is assumed to be an asym- 
metric polynucleotide, as indicated by several lines of evidence (16, 5, 17), 
and the end-products of ribonucleinase hydrolysis are mononucleotides, it 
is possible to calculate the percentage of mononucleotides formed to ac- 
count for the increase in acidity. Such calculations give a minimum of 25 
per cent for a highly asymmetric polynucleotide molecule with values in- 
creasing, as the molecular weight is decreased, to 33 per cent for a single 
tetranucleotide of the structure postulated by Levene. As other products 
intermediate in size and relative acidity between the original nucleic acid 
and mononucleotides are also probably formed, the percentage of the latter 
present after hydrolysis would probably be even smaller than the lowest 
value. The above calculations show a surprising agreement between the 
results of Kunitz and those of Allen and Eiler on the assumption that the 
end-products of ribonucleinase action are mononucleotides and are in 
accord with the relatively small yields isolated in the present experiments. 
The presence of mononucleotides in the digestion mixture also accounts for 
the greater hydrolytic action of phosphatase on ribonucleinase-treated nu- 
cleic acid as found by Bolomey and Allen. 


SUMMARY 


The isolation and identification of four mononucleotides, guanylic acid, 
uridylic acid, cytidylic acid, and adenylic acid, after hydrolysis of yeast 
nucleic acid by the crystalline ribonuclease of Kunitz are reported. That 
the mononucleotides were not formed during the fractionation procedures 
was shown by the failure to obtain mononucleotides in control experiments 
in which nucleic acid, in the absence of enzyme, was fractionated under the 
same conditions. 

In conformity with the nomenclature of Levene and Medigreceanu for 
enzymes which hydrolyze nucleic acid to mononucleotides, it is suggested 
that the name ribonuclease, which was provisionally given to the enzyme 
before the nature of the split-products had been determined, be changed 
to “ribonucleinase.”’ 
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Interest in the chemistry of the nucleic acids, their decomposition prod- 
ucts and related compounds, has been stimulated by several important 
findings during the past decade: (a) the occurrence of desoxyribonucleic 
acid (thymus nucleic acid) in the nuclei of yeast cells (1); (b) the occurrence 
of ribonucleic acids (yeast nucleic acid) in the cytoplasm of rye embryos 
(2); (c) the serological activity of the nucleic acids and their decomposition 
products (3, 4); (d) the function of certain mono- and dinucleotides as coen- 
zymes in reactions in intermediary metabolism too numerous to mention; 
(e) the effect of certain adenine compounds, in combination with other 
factors, in reproducing on yeast cells the proliferation-producing effect of 
products derived from damaged cells (5). 

Among the simple purine nucleotides, the adenine compounds appear to 
be of prime physiological importance. Adenine nucleotide (9-adenine-d- 
furanoriboside-3-phosphoric acid) was first prepared in crystalline form in 
1919 by Jones and Kennedy (6). Muscle adenine nucleotide or adenylic 
acid (9-adeninefuranoriboside-5-phosphoric acid) was first isolated in 1927 
by Embden and Zimmermann (7). Both of these compounds have since 
been prepared by other investigators but they have not been readily avail- 
able in pure crystalline form, even for experimental work, because of the 
tremendous cost and low yields which were incident to the non-specificity 
of the reactions employed in their isolation. 

In this paper there is described a new reaction which has been employed 
as the key in simple procedures for the isolation of both of these adenine 
nucleotides in pure crystalline form and in relatively good yield. 


EXPERIMENTAL 
New Reaction 


When, to a dilute solution of adenine nucleotide, there was added singly 
either a solution containing picrate ions or a solution containing aluminum 
ions, no precipitate was formed. When both of these reagents were added 
simultaneously in suitable amounts to such a solution, there appeared a 


* This investigation was aided by a grant from the Smith, Kline and French Labo- 
tatories, Philadelphia. 
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highly insoluble, light, semicrystalline, bright yellow precipitate, not unlike 
adenine picrate in macroscopic appearance. The “yellow precipitate” was 
formed in good yield in acid solutions when the pH of the solution was 2.4 
or greater, either in the presence or absence of such ions as sodium, potas- 
sium, chloride, sulfate, acetate, etc., although these ions, when present, 
entered into the complex precipitate formed. The precipitate appeared 
to consist essentially of an aluminum picrate complex of adenine nucleotide. 

The decomposition of the yellow precipitate was accomplished most 
conveniently by its solution in morpholine, followed by the precipitation 
of the aluminum salt of adenine nucleotide upon the addition of acetone. 


Isolation of Adenine Nucleotide from Yeast Nucleic Acid 


The separation of adenine nucleotide from the pyrimidine nucleotides 
in a suitable hydrolysate of yeast nucleic acid presented no problem, since 
the latter formed neither insoluble aluminum salts nor insoluble aluminum 
picrate complexes. Because of the relative insolubility of the simple 
aluminum salt of guanine nucleotide, however, it was found convenient to 
remove the guanine nucleotide prior to the precipitation of the adenine 
nucleotide as the yellow compound. 

Hydrolysis of Yeast Nucletec Acid—20 gm. of commercial yeast nucleic 
acid' were suspended in 500 ml. of water. Solid pellets of potassium 
hydroxide were added until the nucleic acid dissolved and the reaction was 
neutral to litmus. Enough more potassium hydroxide was added to 
make the solution approximately 0.3 N with respect to KOH? and the solu- 
tion was allowed to stand for 24 hours at room temperature. 

Glacial acetic acid was then added until the solution was neutral toward 
litmus, and the volume of the solution was noted. 

Precipitation of Guanine Nucleotide—The potassium acetate salt of 
guanine nucleotide was precipitated by the addition of an equal volume of 
95 per cent ethanol.? The precipitate was allowed to stand for several 
hours before it was collected by centrifugation. The precipitate was 
either discarded or used for the preparation of guanine nucleotide according 
to the method of Buell and Perkins (10). 

Precipitation of Aluminum Picrate Salt of Adenine Nucleotide—Alcohol 
was removed from the filtrate obtained after separation of the guanine 
nucleotide fraction by concentration of the solution to a volume of about 


1 This preparation was kindly furnished by the Smith, Kline and French Labora- 
tories, Philadelphia. 

This method of hydrolysis is an adaptation of the method of Steudel and 
Peiser (8). 

* The separation of guanine nucleotide as the potassium acetate salt was first de- 
scribed by Jones and Perkins (9). 
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200 ml. under reduced pressure at 50°. There were then added 1.5 liters 
each of water, saturated picric acid solution, and aluminum picrate reagent.‘ 
Immediately there was formed a voluminous yellow precipitate, which, 
after it had stood for several hours, was collected at the centrifuge and 
washed three times with a hot 0.5 per cent solution of picric acid, the wash 
fluids being cooled before centrifugation. 

Decomposition of Yellow Precipitate—Enough morpholine was added to 
dissolve the precipitate, followed by sufficient acetone to bring about the 
maximum precipitation of the aluminum salt of adenine nucleotide. This 
salt was collected at the centrifuge, and was treated once more with mor- 
pholine and acetone. It was then washed with pure acetone, and finally 
dried in a current of air. The dry salt was suspended in a large volume 
(about 3 liters) of warm water and just enough potassium hydroxide was 
added to take the compound into solution. Acetic acid was added until 
the pH of the solution was 5. When cool, the precipitated aluminum 
hydroxide was filtered off, washed, and discarded. The solution was 
water-clear and colorless. 

Crystallization of Adenine Nucleotide—It remained only to collect the 
adenine nucleotide as the lead salt, after the decomposition of which the 
filtrate was aerated and evaporated under reduced pressure at 40° to a small 
volume from which pure adenine nucleotide crystallized slowly in the ice 
box. A yield of 1190 mg. of the air-dried crystalline compound was ob- 
tained. After recrystallization from hot water the compound was analyzed. 
Further recrystallization was prevented by its extraordinary insolubility. 
No determinations were made of the melting points, because to us such data 
on compounds which decompose before or as they melt have little 
significance. 

The following results were obtained and compared with the theoretical, 
based on the empirical formula C,oHyN;PO;-2H,0. 


Calculated. C 31.25, H 4.69, N 18.22, P 8.01, H,O 9.37 
Found. “* 31.15, “* 4.65, “ 18.23, “ 8.08, “ 9.07 


Isolation of Adenylic Acid from Beef Heart 


Enzyme action was inhibited by freezing the muscle. Proteins were 
removed from an aqueous extract by the combined action of heat coagula- 
tion and picric acid precipitation, a process which served also to extract any 
adenylic acid adsorbed on the protein precipitate and to set free the 
nucleotide from combination with pyrophosphoric acid and other molecules. 
The adenylic acid was collected as the mercury salt; was next precipitated 
as the ‘‘yellow precipitate,” 7.e. the new aluminum picrate complex; and 


‘ This reagent was prepared by suspending an excess of aluminum acetate in warm 
saturated picric acid solution, and filtering the solution when cool. 








| 
: 








392 ISOLATION OF ADENINE NUCLEOTIDES 


finally as the lead salt from which the free acid was converted easily into 
crystalline form. 

Freezing the Muscle—25 pounds of carbon dioxide ice were sawed into 
small pieces which were added to 6 liters of acetone. To this freezing 
mixture there were added 11 pounds of muscle tissue prepared from four 
beef hearts, as follows: As soon as possible after each animal was killed 
the heart was cut out, and rapidly freed from adherent blood vessels, con- 
nective tissue, gross fatty tissue, etc., and the muscle was cut into narrow 
strips. These strips were then frozen rapidly and brought to the labora- 
tory, where they were allowed to stand at room temperature until they were 
just soft enough to pass through an electric meat grinder. 

Extraction and Deproteinization—To the cold, finely ground muscle 
there were added without delay 11 liters of water. The brei was stirred 
rapidly while live steam was passed through it for about 10 minutes until 
the boiling temperature was reached. After it had boiled vigorously for 
1 minute, the mixture was allowed to cool spontaneously to 75° and was 
then treated with 180 gm. of picric acid (10 per cent moisture), stirred well, 
and allowed to stand for several hours with occasional stirring before it 
was filtered onto large fluted papers. 

Precipitation As Mercury Salt—The filtrate, which was sparklingly clear, 
was treated with 240 gm. of mercuric acetate. After several hours the 
precipitated mercury salts were collected and washed once with generous 
quantities of warm water. They were then suspended in 2 liters of hot 
water, and were treated with hydrogen sulfide for 2 hours while the reaction 
mixture was kept warm and was shaken frequently. The mercuric sulfide 
was finally collected on a Buchner funnel, where it was washed thoroughly 
with warm water, the washings being added to the filtrate. 

Precipitation As Aluminum Picrate Complex—To the aerated solution 
there were added 1500 ml. of aluminum picrate reagent. After several 
hours the yellow precipitate was collected at the centrifuge, washed, and 
decomposed with morpholine and acetone. The dry aluminum salt was 
put into solution in 2 liters of hot water, in which it was readily soluble 
without the addition of alkali. Aluminum hydroxide was precipitated by 
the careful addition of acetic acid to pH 5. 

Final Collection and Purification of Product—The adenylic acid was col- 
lected as the lead salt, which was decomposed in the usual manner. On 
evaporation of the filtrate at 40° under reduced pressure, adenylic acid 
crystallized in the distilling flask, but, since the crystals had a yellow tinge 
which was not removed readily upon recrystallization, they were redissolved 
by warming them in the mother liquor and acetone was added as long as 
precipitate formed. The precipitate was washed with acetone, dried in 
air, and dissolved in water, and the adenylic acid was precipitated once 
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more as the lead salt, which was washed and decomposed in the usual way. 
Care was taken to keep the volume of the solution small, since it was 
evaporated first at room temperature in a vacuum desiccator over sulfuric 
acid and finally in the ice box. After one recrystallization from hot water, 
800 mg. of beautiful snow-white crystals were obtained which were micro- 
seopically indistinguishable from adenine nucleotide prepared from yeast 
nucleic acid. 

The following results were obtained by microanalysis and compared with 
the theoretical, based on the empirical formula C;>H,N;PO;- HO. 


Calculated. C 32.68, H 4.37, N 19.13, P 8.47, H,O 4.91 
Found. ** 31.06, ** 4.53, “‘ 19.14, “* 7.90, “ 4.79 


DISCUSSION 


Heretofore there has been available no simple characteristic reaction by 
means of which the adenine nucleotides might be separated easily from 
other compounds with which they occur in nature. For example, such 
devious means as nine recrystallizations of the brucine salts of the nucleo- 
tides derived from yeast nucleic acid have been used to effect the separa- 


| tion (11). 


The new reaction described is not entirely specific for adenine mono- 
nucleotides. It has been used for the preparation of the polynucleotide 
known as yeast nucleic acid in sufficient purity to result in an occasional 
crystalline specimen. Under the microscope these crystals of yeast nucleic 
acid appear as long, tapering needles closely resembling adenine nucleotide 
inform. Theoretically, the new reaction should prove useful in the iso- 
lation of those dinucleotides in the structure of which adenine nucleotide 
is a component part, such as the adenine-pyridine dinucleotides and the 
adenine-alloxazine dinucleotides. 

No claim is made for the absolute specificity of the new reaction, even as 
a group reaction, for the adenine mono- and polynucleotides. Obviously, 
any compound, the simple aluminum salt of which is relatively insoluble in 
acid, will appear in the ‘‘yellow precipitate’’ unless it is first removed from 
solution. Doubtless there are many compounds which will give the reac- 
tion; it is, nevertheless, sufficiently specific to serve as the key reaction in 
the isolation of the adenine nucleotides from their natural sources. 


SUMMARY 


1. A new reaction has been described which is characteristic of the ade- 
nine mononucleotides and also of yeast nucleic acid. 

2. A method in which this reaction is utilized has been described for the 
isolation of crystalline adenine nucleotide from yeast nucleic acid. The 
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method is relatively simple, inexpensive, and rapid, and the yields obtained 
are gratifying. 

3. A method in which this same reaction is likewise utilized has been 
described for the isolation of crystalline adenylic acid from beef heart. 
Essentially the same procedure has been used for the preparation of the 
compound from other tissues such as blood. 
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Najjar and coworkers (1) have described a fluorescent material, desig- 
nated F; by them, which appears in the urine of humans, in small amounts 
normally, and in larger amounts after the ingestion of nicotinic acid or 
nicotinamide. 

In a preliminary note (2) data were presented showing the biological and 
chemical similarity between F; and N'-methylnicotinamide. The latter 
substance was studied in detail in 1936, as a model for the newly discovered 
pyridine nucleotide coenzymes, by Warburg (3) and Karrer (4) and their 
collaborators. Data presented in this communication demonstrate the 
chemical identity of these two substances. 


EXPERIMENTAL 


Isolation of F: from Urine—Urines were collected from two normal in- 
dividuals who had ingested 3 gm. of nicotinamide over a period of 3 days. 
8 liters of urine, acidified with acetic acid and cleared with charcoal, were 
evaporated to 400 ml. on the water bath in a current of air. The mushy 
residue was extracted with 1 liter of 95 per cent ethanol (redistilled to re- 
move fluorescent materials). The alcoholic extract was evaporated and the 
residue reextracted with 80 per centethanol. The residue after evaporation 
of this extract was taken up in 2 liters of water, adjusted to pH 4 with acetic 
acid and sodium acetate. The solution was passed slowly (1 drop per 
second) through two columns, 42 cm. long and 2.5 cm. in diameter, con- 
taining 100 gm. of 60 to 80 mesh Decalso,' previously washed with acetic 
acid, KCl, and water. Tests indicated that only 30 per cent of the F; 
originally present in the urine was adsorbed on the permutit. Therefore, 
after the elution with 275 ml. of 25 per cent KC! solution and washing with 
water the urine extract was passed through the columns twice with elution 
and washing after each passagé. A total of 650 mg. of the 900 mg. of F, 


* Nutrition Foundation, Inc., Fellow. Aid for grants in support of this investiga- 
tion from the Nutrition Foundation, Inc., the John and Mary R. Markle Foundation, 
and the Duke University Research Council is gratefully acknowledged. 

1 A zeolite obtained from The Permutit Company, 330 West 42nd Street, New York. 
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estimated to be present in the original urine was found to be in the above 
three KC] eluates by direct determination. 

The combined eluates, about 700 ml., were evaporated in an air current on 
the steam bath almost to dryness, and the KC! residue was extracted 
with 90 per cent alcohol, reevaporated, and the procedure repeated sev- 
eral times in diminishing volumes of 95 per cent alcohol until the final 
extract in 20 ml. of 95 per cent ethanol was virtually free of KCl. To this 
extract a calculated excess of picric acid in a saturated alcoholic solution 
was added, and the solution was warmed to 60°, slowly cooled, and finally 
chilled in a salt-ice mixture. The cold crystalline mass was rapidly filtered 
off with suction and washed with cold 95 per cent alcohol and cold ether 
until free of picric acid. The material was recrystallized twice from 95 per 
cent alcohol. The melting point of the hexagonal prismatic crystals was 
189.5° (uncorrected). 

The picrate was decomposed by suspending the crystals in 4 ml. of water 
containing a calculated slight excess of HC] and the mixture was repeatedly 
shaken with washed dry ether, until no more color was taken up. The 
aqueous acid solution was evaporated to dryness from a test-tube at room 
temperature with a current of nitrogen. The residue was dissolved in the 
minimal volume of boiling absolute ethanol and the crop of crystals obtained 
on slow cooling, finally in ice. 

The yield was 120 mg. of the product out of the initial content of 900 mg. 
in the urine as calculated from the fluorescence analyses for F>. This yield 
may be conceivably increased by improvements in the technique, particu- 
larly by employing NaC! instead of KC! for elution, since the sparingly 
soluble K picrate is difficult to separate from the picrate of the base. 

The synthetic N'-methylnicotinamide was prepared? from nicotinamide 
by heating under a reflux for 1 hour at 42° with a 50 per cent excess of 
methyl iodide in methyl aleohol. The excess methyl iodide and the alcohol 
were evaporated. The yellow crystalline mass was recrystallized twice 
from hot methyl alcohol. The iodide was changed into the chloride by 
shaking an aqueous solution with freshly prepared AgCl as recommended 
by Karrer et al. (4). The resulting N'-methylnicotinamide chloride ob- 
tained by evaporation in vacuo was crystallized from methanol. The melt- 
ing point as given by Karrer is “about” 240°. Our synthetic product 
melted at 237-238° (uncorrected); the product from the urine melted at 
233-234°, and the mixed melting point was at 230-232°. The melting point 
in each case was rather poorly defined. 

A comparison of the composition and properties of the N?-methylnico- 
tinamide chloride and of the chloride of the urinary product is summarized 
in Table I. 

The nitrogen was determined by steam distillation with strong NaOH into 


? We are indebted to Mr. H. Kamin of this Department for this preparation. 
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boric acid and titration. Previous experience with compounds of this type 
showed that under these conditions the alkali hydrolyzes the —CONH, 
group to NH; and splits the CH;N*™ group from the ring as CH;NHe, the 
yield of nitrogen being about 97 to 98 per cent of the theoretical. 

The chloride was determined by titration with AgNO; and with dichloro- 
fluorescein as indicator (5). The nicotinic acid content was determined 
by the method for trigonelline developed in these laboratories (6), which in- 
cludes hydrolysis with 1.5 n HCl followed by hydrolysis with 6 wn KOH in 
the presence of urea. 

The measurement of fluorescence of the alkaline butanol extract was 
carried out by the procedure described below. 

The absorption spectra as shown in Fig. 1 (determined by D. G. Sharp) 
were obtained with the aid of a Hilger quartz spectrophotometer, model 


TaBLe I 


Comparison of Composition and Properties of Synthetic N'-Methylnicotinamide 
Chloride and of Urinary F, Chloride 





| Absorp- 








Product N cl a py a. me M.p. of picrate 
per cent per cent per cent aoa A. | ol 
Synthetic..... 15.83 | 20.45 70.5 3.04 | 2645 189.5 
Urinary.......; 15.68 | 20.60 | 71.1 | 3.02 | 2645 | 189.5 
Theory....... 16.23 | 20.60 | 71.3 | 189.5 (mixed m.p.) 
| ' 





* Fluorescence units represent galvanometer divisions per microgram of sub- 
stance, measured under the conditions described in the text. 


E-369. For comparison, curves for the two closely related derivatives of 
nicotinic acid, trigonelline and nicotinamide, were included. Whereas 
the curves of N'-methylnicotinamide chloride and of the chloride of F; show 
very close coincidence, those for trigonelline and for nicotinamide show 
significant divergence. 
From the data presented in Table I and Fig. 1 and from our previous 

observations (2) it is apparent that the substance F; is identical with N'- 
methylnicotinamide.’ 


* Both Karrer et al. (4) and Warburg and Christian (3) designated the compounds 

as Nicotinsdureamid jodmethylat, Nicotinsdureamid chlormethylat, Iodmethylat des 

4 conn: 

Nicotinsdureamids, etc. It is proposed to designate the a | as N!- 
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Since the work detailed above was largely controlled and facilitated by 
the fluorometric determination introduced by Najjar and collaborators (1), 
it is deemed desirable to outline briefly the simple, rapid, and convenient 
modification of the method employed by the present authors. 

The adsorption at pH 4 on permutit columns was carried out much in 
the manner recently described for thiamine by Mason and Williams (7). 
The elution was performed with 25 per cent KCI solution at room tempera- 
ture. The extraction from the KC] into the organic solvent is critical and 
must be carefully standardized. It was found that the distribution coef- 
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Fic. 1. Absorption curves of F, chloride isolated from urine (Curve 1), synthetic 
N!-methylnicotinamide chloride (Curve 2), trigonelline chloride (Curve 3), nicotin- 
amide (Curve 4), all in 0.175 m concentrationin NaHCO,-Na,CO, buffer, pH 9.7; 1 em. 
cell, Hilger quartz spectrophotometer, E-369. The figures on the ordinate multi- 


plied by the factor 5720 give values of the molecular extinction coefficient, « = a 


logio & . 
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ficient of F, between the aqueous and the butanol phases is greatly in favor 
of the water and follows a very steep curve. It was found convenient to 
select 5 ml. of 25 per cent KCl and 12 ml. of n-butanol as standard volume 
ratios. If other ratios are used, larger or smaller degrees of extraction will 
result. The extraction is conveniently carried out as follows: 

5.0 ml. of the KCl eluate (or a smaller aliquot with the addition of 25 





methylnicotinamide. Being a quaternary ammonium compound, it presumably 
exists in aqueous solution asacation. Its full designation in terms of modern organi¢ 
nomenclature would be N-methylpyridinium hydroxide-3-carboxylic acid amide (sug- 
gested by Professor L. A. Bigelow of Duke University). In crystalline form, it has 
been isolated as the iodide, chloride, and picrate. ‘“Trigonellamide’’ is another 
possibility for an abbreviated name (suggested by Dr. H. P. Sarett). 
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per cent KCI solution to bring the volume to 5.0 ml.) are placed in a 125 ml., 
glass-stoppered, conical separatory funnel, followed by 12.0 ml. of n- 
butanol. The mixture is briskly stirred with a current of air, and 1.0 ml. 
of 10 N NaOH is blown in rapidly with the aid of a rubber bulb attached to 
the pipette. The stirring is continued for 1 to 1.5 minutes, the aqueous 
layer is drawn off, and the butanol is cleared by shaking with 2 gm. of 
powdered anhydrous Na,SO,. The decanted clear solution is read after 20 
minutes in a suitable instrument. We found the Coleman electric fluoro- 
photometer, model 12, equipped with Filters B-1 and PC-1 (for thiochrome 
determinations) entirely satisfactory. The instrument is standardized 
by setting the galvanometer at 100 with a solution containing 0.3 y of 
quinine sulfate per ml. in 0.1 N H,SO,. The butanol extract prepared 
as described above from a solution containing 10 y of N'-methylnicotina- 
mide, or 10 y of urinary F:, gives a scale reading of 30 divisions, or 3 
divisions for 1 y. This value is subject to small changes with fluctuations 
in the instrument, and it is easily checked with a standard solution run 
with each set of determinations. The reagent blank usually amounts to 
10 divisions and should be ascertained. The accuracy of the determina- 
tion with 10 to 20 y samples is within 5 per cent. For smaller amounts 
the error may be greater, but 5 y may be determined with an accuracy 
of 10 per cent. It is worth noting that the Decalso columns may be used 
over repeatedly if washed with about 500 ml. of water after each elution 
with KCl and stored immersed in a cylinder of water. 

Values obtained by all of the previously described methods for the de- 
termination of ‘‘trigonelline”’ in urine either by conversion to nicotinic acid 
(6, 8) or directly by condensation with an aromatic amine as in Kodicek and 
Wang’s method (9, 10) must necessarily include the N'-methylnicotinamide, 
in so far as varying degrees of acid or alkaline hydrolysis which converts 
this compound to trigonelline are employed in all of these methods. The 
implications of this fact have been discussed in part by Sarett (10) in the 
recent description of his modification of the Kodicek and Wang method and 
will be discussed in greater detail in a forthcoming publication. The data 
on hand indicate, indeed, that, in man and in the rat, doses of either nico- 
tinic acid or of its amide result in the excretion of N'-methylnicotinamide, 
as the chief end-product, rather than of trigonelline. 


SUMMARY 


A crystalline substance was isolated from human urine after dosage with 
nicotinamide. From comparison with synthesized N'-methylnicotinamide 
chloride in regard to content of nitrogen, chloride, and nicotinic acid, and 
in regard to the absorption spectra, fluorescence, and the melting point 
of the picrates the two substances were found to be identical. This es- 
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tablishes the identity of the fluorescent substance, F2, previously described 
by Najjar, Holt, and their collaborators. 
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During recent years several attempts made by workers in these labora- 
tories to demonstrate the methylation of nicotinic acid or of its amide in 
vitro by tissues of animals which were known to excrete “trigonelline”’ after 
doses of these compounds were unsuccessful. This failure was ascribed 
largely to the technical difficulty of determining very small amounts of 
trigonelline in the presence of a relatively large excess of unused nicotinic 
acid, for the only method for the determination of trigonelline was based 
on its transformation into nicotinic acid by means of alkaline hydrolysis in 
the presence of urea (1) and the measurement of the increment in the total 
nicotinic acid present. The method of Kodicek and Wang (2) for the direct 
determination of ‘‘trigonelline’’ appeared inadequate and inaccurate in the 
preliminary form in which it was published. In recent months, Fox, Me- 
Neil, and Field (3) ait also Sarett (4) elaborated more workable modifica- 
tions of this method. At about the same time, it evolved that the urinary 
fluorescent material, F:, of Najjar and collaborators (5) is identical with N'- 
methylnicotinamide (6,7). Our studies (7) indicate, furthermore, that at 
least a large proportion of the metabolite appearing in the urine after the 
ingestion of nicotinic acid or of its amide which was hitherto designated as 
“trigonelline” consists in fact of the amide of trigonelline, or of N'-methyl- 
nicotinamide. It was, therefore, decided to reinvestigate this problem by 
means of the newer methods for determining the methylated derivatives of 
nicotinic acid. 


EXPERIMENTAL 


Mature rats of both sexes, of the Vanderbilt strain, were killed by de- 
capitation and exsanguinated. The livers were removed immediately, and 
slices, 0.2 to 0.5 mm. thick, were made by hand, washed in two changes of 
Ringer’s solution, blotted, and 150 to 450 mg. weighed rapidly on a torsion 


* Grants in aid of this investigation received from the Nutrition Foundation, Inc., 
the John and Mary R. Markle Foundation, and the Duke University Research Council 
are gratefully acknowledged. 
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balance, and the slices placed in 50 ml. Erlenmeyer flasks with 4.0 ml. of 
Ringer-bicarbonate solution (as used by Krebs and Henseleit (8)) and sub- 
strate substances; the solution was equilibrated with a mixture of 95 per 
cent O, and 5 per cent CO,; the flasks were stoppered and agitated in a War- 
burg bath at 37° for varying periods of time. In the anaerobic experiment, 
the gas space was equilibrated with a mixture of 95 per cent N2 and 5 per 
cent CO,. The controls and experimental combinations were run in du- 
plicate or triplicate. Immediately upon removal from the bath, the super- 
natant fluids were transferred, with small washings of water, to 15 ml. 
graduated tubes to a volume of 4.5 to 5.0 ml. and 0.5 ml. of 20 per cent 
trichloroacetic acid was added. The whole was mixed, heated in a water 
bath at 75-80° for 30 minutes, cooled, and made up to 5.5 ml. with water. 
The precipitated proteins were removed by centrifugation, and the super- 
natant fluid was used for fluorescence or colorimetric analyses directly. 
Adsorption on permutit and elution for fluorescence analysis were omitted 
after it was ascertained that the tissue extracts, unlike urine, contained 
relatively small concentrations of interfering pigments. In each experi- 
ment the control value for tissue slices alone without substrate was de- 
termined, and the increment due to the substrates was obtained by sub- 
tracting the control value. Added N'!-methylnicotinamide and trigonelline 
were recovered quantitatively under the above conditions. 

The fluorescence analysis for F, (N'-methy Inicotinamide) was carried out 
essentially by the modified (7) procedure of Najjar@, al. (5) except that the 
transfer of F; from the aqueous to the butanol phase was further facilitated 
by dissolving 1.8 gm. of anhydrous Na,SQ, in the 5 ml. aliquots of the tissue 
extracts. This salting-out procedure was found to result in an increase 
of the transfer of IF, to the butanol phase, so that the galvanometer reading 
obtained was 5 to 6 divisions per microgram of F; present in the aqueous 
phase, as compared with a reading of 3 divisions per microgram obtained 
in the transfer from 25 per cent KCl solution, as used in the case of eluates 
from urine. Unfortunately, concentrated Na,SQO, solutions cannot be suc- 
cessfully used at room temperatures below 25° without troublesome crystal- 
lization and resulting diminution of the transfer of F, to the butanol. 

The procedure is briefly as follows: 5.00 ml. of the protein-free tissue 
extract are measured into 125 ml. conical separatory funnels, 1.8 gm. of 
anhydrous Na,SO, are added and dissolved by agitation or with the aid 
of the pipette carrying the air current which is used for stirring as described 
below, and 12.0 ml. of n-butanol are added. While the two liquids are 
being stirred with a brisk air current passing through them, 1 ml. of 10 N 
NaOH is blown into the emulsion with the aid of a rubber bulb at the end 
of the pipette. The air current is continued for 1 to 1.5 minutes after the 
addition of the alkali and stopped. The aqueous phase is drained off after 
a brief period of separation; the butanol extract is shaken with about 2 gm. 
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of anhydrous Na,SO, and decanted into the test-tubes or cuvettes and read 
at once in the fluorophotometer and again after standing 15 to 20 minutes 
in the dark. In this study, we used the Coleman electric fluorophotometer, 
model 12, equipped with the two filters designed for the determination of 
thiochrome. 

A summary of the data is presented in Table I. These recorded obser- 
vations demonstrate conclusively that rat liver slices methylate nicotin- 
amide readily to N'-methylnicotinamide, since the fluorescence method 
used does not include trigonelline and presumably is specific for N'-methyl- 


TaB_e | 
Synthesis of N'-Methylnicotinamide by Rat Tissues in Vitro 


Time of incubation, 3 to 4 hours. 











No. of) w,; 
“e - | Weight Range of 
Tissue =e cham Substrate taecement® | Remarks 
—_ _ — 
} 
+ Fs per gm. 
~~ | tissue | 
Liver 20 120-450) Nicotinamide, | 10-46 (25) | 
1.0 mg. 


—4 | 5 (200-400) Nicotinamide, | 23-45 (37) | 25-50% increase over 
1.0 mg., + me- corresponding experi- 
thionine, 2 mg. | ments with nicotin- 
amide alone 


- 5 |200-400) saa 7 | 845 (24) | No increase over amide 
alone 
- 6 (200-350) Nicotinic acid,| 0 4 Increments too low to 
| 1,0 mg. | be significant 

Kidney 2 |220-240| Nicotinamide, | 0-3 | 
| 1.0 mg. 
“ | 2 (250-330 Nicotinie acid, 0 
1.0 mg. | 
Muscle,dia-| 1 225 | Nicotinamide, 0 
phragm | 1.0 mg. | 








* The figures in parentheses are averages. 


nicotinamide. In several experiments parallel determinations were kindly 
made by Dr. Sarett on the liver extracts after incubation with nicotinamide 
by his modification of Kodicek and Wang’s method (4) for total methylated 
nicotinic acid derivatives. The values so obtained corresponded, within 
+10 per cent, to those obtained by fluorescence analysis, indicating that no 
appreciable amounts of trigonelline were formed by liver slices from nico- 
tinamide. In experiments with liver slices from twenty-two rats not a 
single negative result was obtained. 

The process appears to be strictly aerobic, for in the incubation of liver 
slices with nicotinamide in an atmosphere of nitrogen no trace of the methyl- 
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ated product could be found. That the intact cells are required was shown 
likewise by totally negative results when broken cells (liver brei) were em- 
ployed in the presence of oxygen. 

Kidney and diaphragm muscle slices produced with nicotinamide in- 
significant amounts, or none at all, of the methylated compound. The 
same was true of rat brain brei. 

Nicotinic acid on incubation with liver or kidney slices did not yield 
significant amounts either of N'-methylnicotinamide or of trigonelline and 
other methylated derivatives, as shown by Dr. Sarett’s analyses in which 
his method (4) referred to above is employed. 

Methionine when added to nicotinamide incubated with liver slices in- 
creased the methylation product by 25 to 50 per cent above that with 
nicotinamide alone in five out of ten experiments, whereas in five experi- 
ments this effect was completely absent. The same inconstancy of result 
was observed by Handler and Bernheim (9) in their study of creatine forma- 
tion by liver slices in the presence of methionine. 

Choline, when substituted for methionine, enhanced the methylation of 
nicotinamide in one experiment but failed todo soinanother. It is planned 
to obtain more definite data on this aspect of the problem. 

The time factor in the methylation of nicotinamide by liver slices in vitro 
at 37° is illustrated by the following values obtained with 370 to 380 mg. of 
liver incubated with 0.1 mg. of nicotinamide: 1 hour 3 y, 2 hours 7.5 y, 3 
hours 12 y, 4 hours 15 y, per 1 gm. of liver. Methylation apparently pro- 
ceeds at a fairly constant rate during the first 3 hours and slows up there- 
after. 

Attempts to study the effect of the concentration of the enzyme involved 
in this process by varying the weight of liver slices taken from 120 to 450 
mg. gave somewhat erratic results which cannot be interpreted. Varying 
the concentration of the substrate (nicotinamide) in the presence of 200 
mg. of liver slices gave the maximal effect with 0.25 mg. which was not in- 
creased by raising the amount of nicotinamide to 2.0 mg. in 4 ml. of 
Ringer’s solution. 

The stability of the methylation product in the system was indicated by 
the quantitative, 96 to 100 per cent, recovery of 100 y of N'-methylnicotin- 
amide added to 200 to 400 mg. of liver slices in 4 ml. of Ringer’s solution, 
agitated at 37° for 4 hours. Nor was trigonelline destroyed under these 
conditions. An illustrative experiment gave the following values. 


Galvanometer 
units Increments 
ee ee ee See Pee 22 
240 ‘ ** + 10 y N'-methylnicotinamide................. 75 53 


ES Ee a 
10 y N'-methylnicotinamide....... poe gp 
















































di 
th 











PERLZWEIG, BERNHEIM, AND BERNHEIM 405 


It has been repeatedly observed in the studies on the metabolism of 
nicotinic acid in rats' that individual rats vary widely in their daily excre- 
tion of methylated nicotinic acid compounds when maintained on ordinary 
nicotinic acid-free diets. Two such rats showing a very wide difference in 
excretion after a 3 mg. dose of nicotinamide were sacrificed and their livers 
tested with nicotinamide with and without added methionine. The results 
are shown in Table II. Apparently the rate of excretion of the methyl- 
ated product parallels the rate of its formation in the liver. 


DISCUSSION 


Another methylation system has been demonstrated for rat liver in 
vitro: nicotinamide to N'-methylnicotinamide, in addition to the established 
process of creatine formation (10). In the absence of this mechanism in rat 
kidney and muscle, in its aerobic character, and in the réle played by methi- 
onine it resembles the creatine system, thus making it likely that the 
methylation process in the animal tissues follows a well defined pattern. 


Taste II 
Excretion and Formation in Liver of Methylated Nicotinic Acid Compounds by Rats 





F: produced per gm. liver 








Rat F: in 24 br. urine 7 
“i oi tte td iver + nicotinamide 
Liver + nicotinamide | + methionine 
7 | 7 | 7 
C 1030 32 40 
D 355 | 17 | 23 





It has been shown by Handler and Dann (11) that the feeding of large 
amounts of nicotinamide to rats is capable of inhibiting their growth by 
exhausting the supply of labile methyl groups, since the inhibition was over- 
come by methionine. It may now be presumed that the ‘‘trigonelline”’ 
determined in the urine of their rats was really N'-methylnicotinamide. 

The methylation of nicotinamide, but not of nicotinic acid, by liver 
slices raises the obvious question of the site of transformation in vivo of 
nicotinic acid into its amide prior to methylation. Recent observations in 
these laboratories! show that individual rats excrete almost identical 
amounts of the methylated amide in 24 hours after ingestion or parenteral 
injection of small amounts (3 mg.) of either nicotinic acid or nicotinamide. 
The problem as to whether the rat does or does not methylate nicotinic acid 
to trigonelline must also await solution in further experimentation. The 
data at hand indicate! that most, if not all, of the methylated products in 
the urine of rats on nicotinic acid-free diets are in the form of methylated 


1 Huff, J. W., and Perlzweig, W. A., unpublished data. 
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nicotinamide. After a large dose of nicotinic acid, however, there does 
appear to be, in certain cases, a considerable fraction of the total methylated 
product which is not the amide. This problem is being studied further. 


SUMMARY 


Rat liver slices when incubated with nicotinamide at 37° were shown to 
synthesize N'-methylnicotinamide (F2). This process is strictly aerobic, 
requires unbroken cells, and is usually, but not always, enhanced by the 
addition of methionine. Liver slices do not methylate nicotinic acid. Rat 
kidney and muscle do not exhibit, in vitro, the capacity to methylate nico- 
tinamide. Suggestive evidence is presented to indicate that the individual 
variations in the rate of excretion of N'-methylnicotinamide in the urine 
of rats are possibly related to the rate of methylation of nicotinamide in 


their livers. 
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FERRITIN 


VI. CONVERSION OF INORGANIC AND HEMOGLOBIN IRON INTO 
FERRITIN IRON IN THE ANIMAL BODY. STORAGE FUNCTION 
OF FERRITIN IRON AS SHOWN BY RADIOACTIVE AND 
MAGNETIC MEASUREMENTS* 


By P. F. HAHN, 8. GRANICK, WILLIAM F. BALE, anp LEONOR MICHAELIS 


(From the Departments of Pathology and Radiology, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York, and the Laboratories of The 
Rockefeller Institute for Medical Research, New York) 


(Received for publication, July 30, 1943) 


The properties of ferritin, an iron-protein compound found in the liver, 
spleen, and marrow of mammals, including man, have been reported in 
previous papers (1-3). Ferritin consists of a protein fraction, apoferritin, 
linked together with micelles of a special type of colloidal ferric hydroxide, 
the crystals containing as much as 23 per cent of iron. There are three 
possible states of ferric iron; namely, those with 1, 3, and 5 unpaired elec- 
trons in the outer electron shell. Magnetic measurements (3) have shown 
that iron in the micelles of ferritin is present in the rarely occurring state of 
3 unpaired electrons per iron atom. This special property makes it possible 
to distinguish magnetically the iron of ferritin from any other form of 
ferric iron. The very high iron content of ferritin suggests that it functions 
as a storage compound. We have attempted to demonstrate this function 
by following the fate of iron labeled with the Fe*® radioactive’ isotope 
injected intravenously as ferric ammonium citrate, as well as the fate of 
labeled iron contained as a constituent of the heme of the red blood cells. 
At the same time it was of interest to determine whether by injection of an 
excessive amount of iron containing 5 unpaired electrons (ferric ammonium 
citrate) the iron could be converted into a ferritin possessing higher mag- 
netic susceptibility values per iron atom than that of regular ferritin. 


Methods 


The detailed procedures for the isolation of ferritin have been previously 
described (4), the tissue being ground with an equal volume of water, heated 
to 80°, filtered, and the filtrate treated with 35 gm. of ammonium sulfate 
per 100 ml. of filtrate. The brown precipitate obtained was dialyzed 
against distilled water, producing a brown solution which contained the 


* This work was carried out under a grant from the Nutrition Foundation, Inc. 
1 We wish to express our appreciation for the radioactive iron used in these ex- 
periments to Dr. R. D. Evans and Dr. J. W. Irvine, Jr., of the Radioactivity 
Center, Massachusetts Institute of Technology. 
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ferritin and non-crystallizable ferritin. This solution we shall designate 
as F + NCF. The iron micelles of both ferritin and non-crystallizable 
ferritin fractions have been shown to be identical by magnetic measure- 
ment. The solution was tested for the presence of heme iron by adding 
pyridine and sodium dithionate and examining for the hemochromogen 
spectrum with a hand spectroscope. The characteristic bands were found 
to be very faint, indicating that only traces of heme iron were present. 

A portion of the solution of F + NCF was treated to isolate crystalline 
ferritin and the material was further recrystallized. The twice crystallized 
material was centrifuged at a standard speed and the volume occupied 
by the material noted (4). 

Measurements of the radioactivity were made on liver, spleen, marrow 
tissue, and on the material injected as well as on solutions of the F + NCF 
and the twice crystallized ferritin. The detailed methods of these deter- 
minations have been described (5-7). The material was ashed by the wet 
method, the iron separated by alkaline precipitation, electroplated onto 
tin cylinders, and counted. Activity is expressed in terms of scale-of-four 
counts per minute obtained by means of a “‘turret’’ type tube (5). Prep- 
aration of a donor whose hemoglobin is tagged has been described (7). 

Magnetic measurements were made by a modification of the Gouy 
method described by Michaelis (8) as the “deflection method.” 


EXPERIMENTAL 


The first experiment was carried out to determine whether there might 
be a direct conversion of the iron of ferric ammonium citrate administered 
intravenously into ferritin iron. Dog 42-998 was an adult mongrel female 
weighing 9 kilos having a hematocrit value of 45.2 per cent. A dose of 39 
mg. of radioactive iron in the form of ferric ammonium citrate was given 
by vein and this dose repeated 4 days later. 13 days following the first 
injection the animal was sacrificed by viviperfusion (9). The tissues gen- 
erally were well cleared of red blood cells as seen grossly, the hematocrit 
having been reduced to less than 0.8 per cent by the procedure. Aliquots 
were reserved for total and radioactive iron measurements and the re- 
mainder of the liver and spleen was reserved for isolation of the ferritin 
fractions. The F + NCF fraction was subjected to measurement of its 
magnetic susceptibility and then examined for total and radioactive iron 
content. The results are summarized in Table I. 

In the second experiment it was desired to demonstrate whether ferritin 
iron of the liver and spleen could be derived from red cell hemoglobin iron. 
Dog 42-816 was a young, adult, female mongrel terrier taken from stock. 
It was given by vein 110 ml. of heparinized whole blood containing radio- 
active iron in the hemoglobin of the red blood cells. The following day the 
red cell hematocrit was 50 per cent and there were 2400 counts per minute 





— ew 








HAHN, GRANICK, BALE, AND MICHAELIS 409 


per 100 ml. of mixed red cells. The estimated cell mass was 280 ml., giving 
an estimated total circulating radioactivity of 6720 counts per minute. On 
this day and the day following, 300 mg. of acetylphenylhydrazine were 
administered subcutaneously to produce blood destruction. 5 days after 
the second dose the hematocrit had dropped to 19.6 per cent. At this latter 
time the plasma was quite icteric and the animal was sacrificed by injection 
of 2 ml. of chloroform intravenously. Just before death the red cell radio- 
activity was found to be 955 counts per minute per 100 ml. of cells. The 
estimated cell mass was 110 ml., which gave as a total circulating radio- 


TABLE I 
Ferritin Iron Formation from Ferric Ammonium Citrate by Vein (Dog 42-998) 





. Distribution of Per cent 
Total* F Total Specific labeled Fe as | Fe found 
noe s activity activity per cent which was 


injected Fe | tagged 





counts per 
meg. counts per min.| min. - 
mg. Fe 
Injected ferric ammonium 
rea eee 78.0 238 , 000 3050 100 
Liver (323 gm. fresh weight)| 78.0 195,000 | 2500 82 | g2 
ol e BCD........+n0ucne 62,000 2270 26 | 7 
a | 7.72 17,800 2310 7.5 | 76 
Spleen (21 gm. fresh weight) 4.95 821 166 0.35 | 5.4 
“= F+NCO.........c0 eee 466 #244 0.20 | 8.0 





Liver F + NCF measured magnetically at 27° shows a susceptibility of the iron 
contained in 1 ml. of the solution (0.736 mg.) of +0.0779 X 10~* c.c.s., corresponding 
to a susceptibility per gm. atom of iron = 5910 X 10~*, and hence to a magnetic 
dipole moment = 3.78 Bohr magnetons per gm. atom of iron, which is precisely 
the average value of previous determinations of regular ferritin. 

*F + NCF (ferritin and non-crystallizable ferritin) and ferritin fractions found 
in the liver and spleen have been corrected to correspond to the amount which would 
have been isolated from whole organs. 


activity 1050 counts per minute. This would indicate that 5670 counts 
per minute of radioactivity had been lost to the circulation owing to blood 
breakdown. The liver and spleen were removed and aliquots reserved for 
total and radioactive iron determination, the remainder being used for 
isolation of the ferritin fractions. The F + NCF and the twice crystallized 
ferritin fractions were examined for total and radioactive iron content. 
The results are summarized in Table II. 


DISCUSSION 


The data revealed by these experiments, although limited, clearly indicate 
that ferritin performs the function of storage for iron in the animal body. 
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Following injection as ferric ammonium citrate or liberation from red cells 
which were destroyed by the action of acetylphenylhydrazine, it has been 
demonstrated that such iron is used for the construction of new ferrie 
hydroxide micelles of ferritin. 

In the first experiment (Table I) 82 per cent of the iron injected as ferric 
ammonium citrate was shown to be taken up by the liver. The ferritin 
and non-crystallizable fraction (F + NCF) which was isolated contained 
75 per cent of the iron of this fraction in the form of radioactive iron, show- 
ing a conversion of the ferric iron of the injected ferric ammonium citrate 
into ferritin iron. Magnetic* susceptibility determinations showed that the 





Taste II 
Ferritin Formation from Hemoglobin Iron of Red Blood Cells (Dog 42-816) 
we ales ni acetate Barscath ssscnaae . 
a ee of | 
total eee. Distribution of | per cent 


Total Specific lating activity b= hd Fe which 





Total Fe activity | activity after trans- : : is radio- 
| —_ L | hong luau | active 
per cent | | 

me Pp | “min. per | per ceni per cent | 
Injected tagged blood 
| 5 & goes ee 64.2* | 6720* | 105* 100 | 
Circulating blood 
after transfusion....| 324 6720 | 20.7 100 | 19.8 
Circulating blood 
before death..... 127 1050 8.3 15.6 7.9 
Liver (335 gm.). ..| 188 3100 22.5 46.1 55 21.4 
F + NCPF....... 72.4 1925 26.5 25.3 
Ferritin...... 12.4 | 382 26.8 | 25.5 
Spleen (89 gm.).. 87.5 1150 13.2 17.1 20 12.5 
fo  ..Saeee > 26.1 328 12.6 | 12.0 











* Estimated. 


injected ferric iron containing 5 unpaired electrons had been converted into 
ferric hydroxide containing 3 unpaired electrons. Thus none of the in- 


? Ferric ammonium citrate is an ionic compound containing 5 unpaired electrons 
per iron atom. When injected into the organism, the neutral reactions of the body 
fluids may bring about some hydrolysis of this compound with the resulting produc- 
tion of some ferric hydroxide which need not have the same magnetic susceptibility as 
the injected iron (3). The essential fact, however, is that the labeled iron of this 
F + NCF fraction shows precisely the same values for the magnetic susceptibility per 
iron atom as is found in all horse, human, and dog ferritins that have thus far been 
measured. The value for the magnetic susceptibility of ferritin iron is unique and 
readily distinguishes this iron from all other iron compounds normally occurring 


in the organism. 
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jected material in its original state could be detected in the isolated ferritin 
fraction by the magnetic method. The twice crystallized ferritin (F) of the 
liver had the same specific radioactivity as the F + NCF fraction, indicat- 
ing the iron to be essentially the same in both fractions. The identity of 
the iron in the F + NCF and F fractions as determined by the radioactivity 
method corroborates previous findings of their identity as determined by 
the magnetic susceptibility method (3). 

In the second experiment (Table II) red cells containing tagged iron 
as a constituent of their hemoglobin were injected and the resulting mixed 
cells of the circulation were destroyed with acetylphenylhydrazine. The 
dog was sacrificed after 6 days. During this time interval not only destruc- 
tion of red cells but also undoubtedly some regeneration had occurred (10). 
The liver was found to have taken up 46 per cent of this labeled iron 
originally present in the circulation. 25 per cent of the total iron present 
in the F + NCF and in the twice crystallized ferritin fractions of the liver 
was present as labeled iron. The specific radioactivities of the liver and 
its ferritin fractions were somewhat higher than the circulating specific 
activity of the circulating red cells following transfusion of the tagged 
cells. The figures indicate that in this instance there was some preferential 
conversion of injected hemoglobin iron into ferritin iron owing possibly to 
a more rapid destruction of the injected erythrocytes. Of the labeled iron 
formerly in the circulation following transfusion, 17 per cent was found 
in the spleen. That the specific activity of the splenic iron is lower than 
that of the liver is an indication that a relatively large amount of non- 
radioactive iron was present in this organ of this normal dog prior to the 
transfusion and subsequent destruction of red cells. 

The form in which iron is introduced appears to determine the distribu- 
tion of this element in the viscera (11). In the first experiment the soluble 
ferric ammonium citrate was removed from the circulation almost wholly 
by the liver, only 0.35 per cent of the labeled iron having been taken up by 
the splenic tissue. In the second experiment, however, following break- 
down of the red blood cells and their subsequent phagocytosis by the cells 
of the reticuloendothelial system there is an appreciable uptake of the iron 
by the spleen as well as the liver. 


SUMMARY 


Iron in the form of ferric ammonium citrate when administered by vein 
to the dog is readily converted into ferritin iron in the liver. 

Iron derived from hemoglobin of the circulating red blood cells following 
the destruction of the cells by acetylphenylhydrazine is in part, at least, 
converted to ferritin iron in the liver and spleen. 

The body is able to convert injected ferric iron of the form containing 
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5 unpaired electrons to ferric iron of the form containing 3 unpaired 
electrons, characteristic of ferritin. 

It is concluded that ferritin iron acts in the capacity of storage iron 
in the animal body. 
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THE ROLE OF CARBOXYL-LABELED ACETIC, PROPIONIC, AND 
BUTYRIC ACIDS IN LIVER GLYCOGEN FORMATION 


By JOHN M. BUCHANAN, A. BAIRD HASTINGS, anp FRANCES B. NESBETT 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, August 4, 1943) 


From experiments previously reported from this laboratory, the conclu- 
sion has been drawn that the carbohydrates and carbohydrate precursors of 
the body are in a state of dynamic equilibrium with one another through 
enzymatic action (1-5). Thus an added carbohydrate precursor, labeled 
with a carbon isotope, is greatly diluted by other carbohydrate precursors 
of the body. In the present study, the réle of acetic, propionic, and butyric 
acids containing radioactive carboxyl carbon in glycogen formation has 
been investigated. In the interpretation of the data, the basic assumption 
is made that any substance which is in equilibrium with or is converted in 
the course of its metabolism into a compound known to be a carbohydrate 
precursor will be diluted by the metabolic pool of precursors and will hence, 
in part at least, become incorporated into liver glycogen if conditions favor 
its formation. 

Although the conversion of acetate to carbohydrate precursors (6) by 
many of the lower forms of life has been established, there has been consider- 
able controversy concerning the importance of this reaction in mammalian 
metabolism. Thunberg (7) originally suggested that succinic acid was 
formed by the dehydrogenation of 2 molecules of acetic acid. He suggested 
that this reaction occurred not only in plants but also in animal tissues. 
The hypothesis that acetic acid is converted to carbohydrate in mammalian 
tissues has received very little support from studies carried out by the usual 
methods. When fed as the sodium salt or as the glyceride, acetate produces 
no increase in glycogen in the liver over that formed by suitable controls 
(8, 9). 

Stdéhr has found that 200 mg. of sodium acetate together with 100 mg. of 
glucose when fed to a 100 gm. white rat result in more liver glycogen (0.2 
per cent) than is present after 100 mg. of glucose only are fed. If only 100 
mg. of acetate were fed with the glucose, no effect was noticed (8). In 
similar experiments, Stéhr (10) concluded that butyric acid likewise was 
converted to glycogen. Ponsford and Smedley-MacLean (11) reported 
that rats fed a basal diet supplemented with sodium acetate showed no 
significant difference in the amounts of glycogen produced in the liver when 
compared with the livers of rats receiving the basal diet alone. 

Although Geelmuyden (12) observed an increased excretion of sugar when 
acetic acid was administered to a phlorhizinized dog, his results have not 
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been confirmed by other workers (13, 14). Cross and Holmes (15) could 
find no increase in carbohydrate formation from acetate by liver slices under 
conditions in which carbohydrate was formed from butyrate. 

Although definite evidence of the conversion of butyrate to glycogen in 
the normal rat (9, 16) or to carbohydrate in the phlorhizinized animal is 
lacking (17), there is evidence that this compound may play a réle in carbo- 
hydrate formation. Butyrate has been found to be glucogenic in perfused 
cat liver, D:N ratios as high as 20 being obtained (18). Under similar 
experimental conditions after addition of acetoacetate to the perfusing 
fluid, the D:N ratio remained at 5, indicating no conversion of this latter 
substance to carbohydrate. Blixenkrone-Moller (18) has suggested that 
w oxidation of butyric acid occurs to form succinic acid, a known carbohy- 
drate former. 

Unlike acetate and butyrate, propionate does not yield ketone bodies (19) 
and has repeatedly been shown to form glycogen when fed to normal white 
rats. Eckstein (20) could find only a small increase in glycogen in the livers 
of white rats 4 hours after propionate was fed, but Deuel and coworkers (16) 
have shown that after 6 to 7 hours a considerable amount of glycogen is 
found in the liver. Likewise, propionate has been shown to be quantita- 
tively converted to carbohydrate in the phlorhizinized dog (21). 

In the experiments to be reported herein, acetic, propionic, and butyric 
acids were synthesized with the short lived radioactive isotope C™ in the 
carboxyl position. The sodium salts of these acids were fed with 400 mg. of 
glucose to insure adequate glycogen formation to white rats which had been 
fasted for 24 hours. The animals were placed in metabolism chambers and 
the expired carbon dioxide collected at half hour intervals for a 2 hour 
period. The animals were then sacrificed and the livers analyzed for their 
glycogen content and the radioactivity of the glycogen. From these data, 
conclusions have been deduced regarding the fate of the carboxyl carbon of 
the fatty acids with respect to carbon dioxide formation and its incorpora- 


tion into liver glycogen. 
EXPERIMENTAL 


Synthesis of Radioactive Fatty Acids—Acetic, propionic, and butyric acids 
were synthesized according to the standard Grignard reaction 


(1) RI + Mg — RMgl 
(2) RMglI + C"O, — RC"OOMgI 
(3) RC"“OOMgI + HOH — RC™OOH + MglI(OH) 


where R stands for the radicals CH;—, C.H;—, and C;H;— respectively. 
Suitable yields of fatty acids based on the C"O, used were obtained. In the 
case of acetate, actual measurements of the over-all yield demonstrated that 
50 per cent of the C"O, was converted to acetic acid during the synthesis. 
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The specific activity of C™ in the CO, was found to be equal to the specific 
activity of C™ in the fatty acids, thus indicating that Reactions 2 and 3 
took place with the exclusion of other reactions. The method of synthe- 
sis to be described below was equally applicable for all three fatty acids, 
acetic, propionic, and butyric. The time required for the synthesis was 
approximately 45 minutes. 

The radioactive carbon dioxide was obtained from the cyclotron by pump- 
ing the gas, C"O:, from the target chamber through 3 cc. of an alkaline solu- 
tion of 2 m sodium hydroxide and 3 m sodium carbonate. The collecting 
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Fie. 1 Fic. 2 


Fic. 1. Vessel used to collect radioactive COs. A, pressure bulb; B, reservoir 
containing mercury; C, outlet to Van Slyke apparatus or reaction vessel. 
Fic. 2. Reaction vessel used for synthesis of radioactive fatty acids. 











tube was chilled in liquid air to assure efficient collection of the C"O,. Upon 
being warmed, the alkaline solution was transferred to the reaction chamber 
of a Van Slyke manometric gas apparatus and the solution acidified with 4 
ec. of 5 N lactic acid. The carbon dioxide evolved was collected over mer- 
cury in a collecting vessel (Fig. 1) which was designed so that the gas could 
be returned to a reaction vessel (Fig. 2) containing the Grignard reagent. 
The alkylmagnesium iodide compound had been previously prepared by 
allowing 10 mo of alkyl] iodide to react with 10 mm of magnesium turnings in 
10 cc. of anhydrousether. The reaction vessel was of about 100 cc. capacity 
and contained two large stop-cocks at the top. Both stop-cocks were closed 
and the reaction vessel and contents immersed in liquid air. By means of a 
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vacuum pump, the pressure inside the reaction vessel was reduced and the 
radioactive carbon dioxide was then permitted to fill the vacuum. Both 
stop-cocks were closed and the Grignard reagent and carbon dioxide gas 
were shaken for 10 minutes at approximately 0.0°. During this time, 
Reaction 2 had taken place. After being chilled in liquid air, the solution 
was then carefully acidified with 8 cc. of 2.7 N sulfuric acid. After hydroly- 
sis of the Grignard complex had taken place, the solution was transferred to 
a small separatory funnel and the acid aqueous solution extracted with three 
25 ec. portions of ether. The ether fractions were combined and poured 
into a suitable separatory funnel. 1 or 2 cc. of water were added to remove 
any concentrated inorganic acid from the ether. The water was separated 
and discarded. 1 cc. of water, containing 2 drops of 0.1 per cent phenol red, 
was again added and the aqueous layer made alkaline with 2 mM sodium 
hydroxide and the fatty acid extracted from the ether layer by conversion 
to the sodium salt. The alkaline aqueous solution was separated and the 
ether solution washed with 1 cc. of water. The washings were added to the 
aqueous fraction. Approximately 1.5 mM of the pure fatty acid (not 
labeled) were added to the solution which was then well mixed. The final 
volume was approximately 4 to 5 cc. 

An aliquot (0.3 cc.) was taken for chemical determination according to the 
method of Friedemann (22) and two aliquots (0.1 cc.) were taken for dupli- 
cate determinations of radioactivity. The aliquots for standard radioactiv- 
ity measurements were transferred to small cups and made definitely 
alkaline with a drop of sodium hydroxide (approximately 1 mM). This solu- 
tion was allowed to eyaporate to dryness. Radioactivity measurements 
were made in all cases by inserting these cups containing radioactive mate- 
rial into the interior of the ionization chamber of the electroscope. The 
rest of the solution of the salt of the fatty acid, to which 400 mg. of glucose 
had been added, was fed to a male white rat previously fasted for 24 hours. 
The animal was placed in the metabolism cage and the respiratory gases 
collected every half hour for a period of 2 hours. 

At the end of the 2 hour period, the animal was sacrificed and the liver 
glycogen isolated as previously described (1). After the glycogen had been 
dried with alcohol and then with ether, it was transferred to a small cup for 
radioactivity measurement in the electroscope. Since, under the conditions 
of these experiments, the glycogen isolation was not quantitative, glycogen 
determinations were carried out on the sample of glycogen actually used for 
radioactivity measurement. The total amount of glycogen present in the 
liver at the conclusion of the experiment was calculated from glycogen 
analysis of an aliquot of the alkaline digest of the liver. The radioactivity 
present in the total glycogen of the liver was estimated by multiplying the 
radioactivity of the sample, taken for measurement, by the ratio, mg. of 
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total glycogen of the liver to mg. of glycogen used for radioactivity meas- 
urement. 

Analyses were also made at the conclusion of the experiment on the fatty 
acid content of the intestines in order to estimate the amount of the fatty 
acid absorbed. The intestines were extracted four times with 40 cc. por- 
tions of hot water. 10 cc. of colloidal iron were added and the volume made 
to 200 cc. After separation of the precipitate by centrifugation, 100 cc. of 
solution were taken for fatty acid analysis. 

Results 

The results obtained after the feeding of 400 mg. of glucose with each of 
the three radioactive fatty acids are given in Tables I to VI inclusive. Six 
experiments were completed with acetate, six with propionate, and five with 


TABLE I 
Ezcretion of C" in Expired COz after Feeding ‘‘Carboxyl Radioactive’ Acetate and 400 
Mg. of Glucose 











Experiment CO: Radioactivity in expired COs, per cent of amount fed Total per cent 
= expired | 00-05 hr. | 05-1.0 br. |1.0-15 hrs.|15-20hrs.] Total | absorbed 
1 (2) (3) (4) (5) (6) (7) 8 
co: mM 
2 12.1 4.8 9.8 8.1 8.8 31.5 45.6 
3 13.4 5.1 8.1 6.9 8.7 28.8 38.8 
4 16.1 7.2 12.0 14.2 11.5 45.0 48.3 
5° 15.2 8.4 17.2 24.4 16.6 66.6 73.0 
6 13.3 5.8 9.6 13.8 12.6 41.8 85.4 
7 11.0 3.1 9.9 8.6 10.5 32.1 39.2 
2 9.9 10.3 10.4 35.8 51.5 


Average 13.2 §.3 





* Omitted from average. 


butyrate. Tables I, III, and V include the data on C™QO, excretions; 
Tables II, IV, and VI, the data on glycogen radioactivity. In Column 8 of 
Tables I, ITI, and V is given the radioactivity expired as carbon dioxide cal- 
culated as total per cent of the amount absorbed. The average values found 
are 51.5, 54.8, and 55.9 for acetate, propionate, and butyrate respectively. 
The radioactivity of the expired carbon dioxide calculated as per cent of the 
amount fed for each half hour and for the total period of time is given in 
Columns 3, 4, 5, 6, and 7 of Tables I, III, and V. This demonstrates that 
all three acids are metabolized extremely rapidly, and that after the first 
half hour the excretion of C"Os, is practically constant for the rest-of the 2 
hour period. The average amount of carbon dioxide expired by the animals 
was 13.2, 13.7, and 15.6 mm during the acetate, propionate, and butyrate 
experiments respectively (Column 2, Tables I, III, and V). 
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In order to determine whether any part of the liver glycogen carbon 
originated from the fatty acids, it was necessary to estimate what part of 


TaBLe II 


Radioactivity of Liver Glycogen 2 Hours after Feeding ‘‘Carboryl Radioactive’’ Acetate 
and 400 Mg. of Glucose 























.35| 1.09) 42 | 0.02 | —0.79| 0.02 | 0.89 |-0.87 
26} 2.13) 106 | 1.20 | —0.25| 2.46 | 2.97 |—0.51 
4.30! 1.86) 75 1.04 | 0.09) 1.27 1.16! 0.11 


Acetate Liver Glycogen radioactivity 
, Percent of | Percent of amount 
Experi-| pat amount fed | absor 
ment = 
No. | weight Ab- : | | : rs a 
Fed | sorbed | Weight | Glycogen formed | Total | Residual 1 Resid- 
| activ. |,2ctivity | ocriy. | Dueto| ual 
te |\(COs cor-| : CO: | activ- 
| | rected) ad ity 
(1) (2) (3) (4) (S) (6) (7) ae a (9) | (10) (11) (12) 
gm. mM mM gm. per cent | oe. 
90 ° 2.58 | 1.78 | 3.67 | 2.08 72 0.53 | —0.28) 0.77 1.18 '—0.41 
9 | 3.20 4.25; 1.53| 60 | 0.76 0.20) 1.03 | 0.76 | 0.27 
5.74 1.05 53 | 1.26 0.61; 1.36 | 0.70 | 0.66 
4 
5 














Average ........... Doeth deen | a ter | | 1.38 1.35 | 0.03 


* Corrected for amount found in livers of fasted controls (0.12 per cent). 
+t Omitted from average. 








TasB_e III 


Excretion of C™ in Expired CO, after Feeding ‘“‘Carboryl Radioactive’ Propionate 
and 400 Mg. of Glucose 




















{ewe : | Total per 
Espertnent Ne. Oo, scenere ity in expired COs, per cent of wanes fed | cent of 
0.0-0.5 hr. | 0.5-1.0 hr. | 1.0-1.5 hrs. | 1.5-2.0 hrs. Total absorbed 

(4) (2) o | «@ 6 | © | @ (8) 

= | | | 

1 14.2 45 | 8.2 11.7 6.7 31.1 42.0 

2 13.9 OF it. 44. 1 Bs | 6.7 19.3 42.9 

3° 15.5 430 / 78 | 91 | 9.4 30.6 56.6 

4 16.1 "V5 Bt tae Bet 7.1 | 24.2 66.6 

5 11.5 3.4 | 6.2 4.2 | 5.2 19.0 44.9 

6 12.6 - A i - ee 8.1 26.2 76.9 

| 
Average...) 13.7 | 3.6 64 | 7.2 | 6.8 | 24.0 | 54.8 














* Omitted from average. 


the radioactivity of the glycogen could be accounted for by the incorporation 
of radioactive CQ, released during metabolism of the fatty acids. This 


was estimated as follows: 


(4) Glycogen radioactivity (% absorbed radioactivity) = radioactivity of glycogen 
due to C"O, + radioactivity of glycogen due to other precursors containing C" 





cs 
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where 


(5) Radioactivity of glycogen due to C"O, (%) = 
glycogen carbon from CO, X specific radioactivity of CO, 
and 
(6) Glycogen carbon from CO, = 0.131 X mm glycogen formed 
7) Specific radioactivity of CO, = 
radioactivity of expired CO, (% of absorbed radioactivity) 
mo of total CO, expired 





The factor 0.131 represents the fraction of glycogen carbon derived from 
CO, determined in experiments with glucose and NaHCO, previously 
reported (4). 

TaBLe IV 


Radioactivity of Liver Glycogen 2 Hours after Feeding ‘“‘Carboryl Radioactive’’ 
Propionate and 400 Mg. of Glucose 





























| Propionate | Liver Glycogen radioactivity 
eT os Poe Per centof | Per cent of amount 
Experi- | Rat | | amountfed | absor 
ment weight Ab- 4 _ 
No. Fed | sorbed | Weight | Glycogen formed* | Total | Residual| Total Resid- 
| activ. | activity | cctiy. | Due to) ual 
| | ity |(COs cor-| ity | CO: | activ- 
| rected) ity 
(1) (2) (3) @) | & (6) 7) | ~) | ©) | @o) | (11) (12) 
= -_ * an mu | gm per cent | mg | | | | 
1 | 120 | 1.27/| 0.94 4.84/ 1.79 | 81 | 2.40| 1.62) 3.24/ 1.05) 2.19 
2 | 146 | 2.23 1.00/ 5.31 | 1.08 | 51 | 0.87 | 0.56 1.94 | 0.69 | 1.25 
3t | 136 | 2.31 | 1.25 | 4.98 | 1.66 | 76 | 0.41 | —0.26) 0.76 | 1.22 |—0.46 
4 145 | 2.38 | 0.86 | 5.58 | 1.01 50 2.48 2.15 6.85 | 0.90 | 5.95 
5 | 105 | 2.02| 0.85/ 4.30| 1.49 | 39 | 1.36) 0.94 3.23/ 1.00| 2.23 
6 98 | 1.39 0.54 4.12 1.34 50 2.07 ra 6.09 | 1.34 4.75 
“ERT rere ee | 58 | 4.27 | 1.00 | 3.27 











* Corrected for amount in livers of fasted controls (0.12 per cent). 
t Omitted from the average. 


The average value of the radioactivity of glycogen due to C"O, expressed 
as per cent of the amount of radioactivity absorbed is 1.35, 1.00, and 1.25 
for the acetate, propionate, and butyrate experiments respectively (Column 
11, Tables II, IV, and VI). By subtracting these values from the total 
amount of radioactivity incorporated after the feeding of each acid, one can 
estimate the amount of radioactivity in the glycogen arising from the radio- 
active fatty acids, exclusive of CO,. These values, calculated as per cent of 
the amount absorbed are 0.03, 3.27, and 1.13 for the acetate, propionate, 
and butyrate experiments respectively (Column 12, Tables II, IV, and VI). 
From these results, it is concluded that no acetic acid is transformed directly 
into glycogen. As would be anticipated from data in the literature con- 
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cerning the ability of propionic acid to form carbohydrate, our results indi- 
cate definitely that this acid is a glycogen precursor. The results obtained 
after the feeding of isotopic butyrate indicate that a part, at least, of this 
substance is also metabolized via a carbohydrate path. However, since 


TABLE V 


Excretion of C™" in Expired CO, after Feeding ‘‘Carboryl Radioactive’ Butyrate and 
400 Mg. of Glucose 























| 

Radioactivity in expired COs, per cent of amount fed Total per 

Experiment No.) oq |— ) —aee-vel. aan 
0.0-0.5 hr. | 0.5-1.0 hr. | 1.0-1.5 hrs. | 1.5-2.0 hrs. Total absorbed 

(1) 2a | ® | @ (s) | @) (7) | (8) 

‘ mM | BE 

1 | Me 4. 72 12.2 | 14.6 12.3 46.3 50.8 

2 14.9 7.9 13.0 12.4 | 10.8 44.1 55.0 

3 15.8 | 88 | 15.4 13.2 10.3 47.7 60.2 

4 16.4 8.5 16.3 12.5 7.7 45.0 60.1 

5 16.8 | 10.0 | 15.0 a. | 8.8 45.0 53.4 
Average... 15.6 8.5 14.4 12.8 10.0 45.6 55.9 

TaBLe VI 


Radioactivity of Liver Glycogen 2 Hours after Feeding ‘‘Carboryl Radioactive” 
Butyrate and 400 Mg. of Glucose 









































Butyrate Liver Glycogen radioactivity 
| ler | Percentof | Per centel amount 
Experi-| pat amount fed absorbed 
ment weight | Ab- | ee ETS ca 
No. Fed outned Weight Glycogen formed* Total Residual Total Resid- 
| | : activity : Que to ual 
| activ- |(COs cor-| *SYY" | “COs | activ- 
ity | rected) | ty ity 
(1) 2 | @ | @ | os | © (7) (8) (9) (10) | (41) | (12) 
w -. | mae mu | gm. | per cent me. | | 
1 123 | 1.95 | 1.78 | 5.08 | 2.00 96 | 2.15 | 0.85 | 2.36 1.43 | 0.93 
2 120 | 2.01 | 1.60 | 4.59 | 1.37 57 | 1.55! 0.81 1.95 | 0.93 | 1.02 
3 121 | 1.88 | 1.49 | 4.94 1.46 66 2.02 | 1.15 | 2.54 | 1.10 1.44 
4 110 | 1.67 | 1.25 | 4.73 1.74 77 2.09 1.17 | 2.80 | 1.23 | 1.87 
5 | 133 | 1.45/| 1.23 | 6.03 1.89 107 1.89 | 0.56 | 2.24 1.57 | 0.67 
| i 
EER ORT reer tee a 2.38 | 1.25 | 1.13 








* Corrected for amount found in livers of fasted controls (0.12 per cent). 


CO, appeared during the metabolism of butyrate at about the same rate 
as it appeared from propionate and since the amount of glycogen radioactiv- 
ity after butyrate administration is considerably smaller than that after 
propionate administration, it may be concluded that a part of the butyric 
acid is oxidized by a path other than carbohydrate. 
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In two instances, Experiment 5, Tables I and II, and Experiment 3, 
Tables III and IV, the data were not included in the averages. These 
results were excluded from the average because they deviated quite mate- 
rially from the results obtained in the experiments of the rest of the series. 
In both cases, the amount of radioactivity found in the liver glycogen was 
far below that expected on the basis of the amount of liver glycogen formed. 
Occasionally in control experiments, rats fasted 24 hours have been found 
to have excessively high levels of liver glycogen. Computation of the gly- 
cogen formed during the 2 hour experimental period would, therefore, be 
seriously in error if the fasting liver glycogen content had not been reduced 
to the average level of the animal fasted 24 hours (0.12 per cent). In such 
eases, it is possible then that much of the glycogen present in the liver at the 
end of the experiment had been initially present rather than formed during 
the experimental period. In the absence of appreciable glycogen formation, 
one would expect to find but little radioactivity in the liver glycogen isolated 
for radioactivity measurement. If this had occurred, results such as those 
recorded in the two instances cited above might be anticipated. 

Isolation of Fat after Radioactive Acetate Feeding—In two experiments, 
liver fat was isolated both after the administration of radioactive acetate 
alone and after the feeding of glucose, melted butter, and radioactive acetate 
together. The procedure used for the fat isolation was that described by 
Hastings and Eichelberger (23). During the course of the 2 hour experi- 
ment, no incorporation of acetate into liver fat could be detected. Although 
there was no evidence of the conversion of acetate to liver fat during this 
experimental period, the possibility that this reaction could occur in an 
experiment of longer duration is not excluded. It is of interest, in this con- 
nection, that although Bloch and Rittenberg (24) did not find deuterium in 
the fatty acids of animals fed deuterioacetate, they point out the possibility 
that the carbon of deuterioacetic acid might be used in fatty acid synthesis 
even though the deuterium is not. Although no evidence is available for 
the utilization of acetate in the synthesis of naturally occurring fatty acids, 
Bloch and Rittenberg have demonstrated that acetate is involved in choles- 
terol formation. Propionate and butyrate are not converted to cholesterol, 
however. 

DISCUSSION 


In Fig. 3, a comparison is made between the results obtained after the 
feeding of glucose plus carboxyl-labeled fatty acid and those obtained after 
dl-carboxyl-labeled lactate was fed. The darkened areas of the four 
columns represent in each case the fraction of the total liver glycogen 
radioactivity which is accounted for by the C™ entering the glycogen as 
(+4) carbon. Although there was considerable variation from experiment 
to experiment in the amount of radioactive carbon dioxide incorporated 
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into liver glycogen after glucose, lactate, and pyruvate feeding, and radio- 
active bicarbonate injection, the average values of each of these three series 
were quite consistent. Thus, after lactate, glucose, and pyruvate feeding, 
11.4, 13.1, and 14.2 per cent of the glycogen carbon formed respectively had 
its origin from (+4) carbon. Because of the close agreement of these 
values, it was felt that an approximate correction accounting for the C" 
entering the glycogen as C"O, could be applied to the radioactivity values 
found in liver glycogen after the feeding of radioactive fatty acids. After 
the feeding of radioactive carboxyl-tagged dl-lactate, it was found that only 
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Fic. 3. Comparison of radioactivity present in newly formed liver glycogen fol- 
lowing administration of glucose plus carboxyl-labeled acetate, propionate, and 
butyrate. Results from labeled lactate experiments are included at the right. The 
heights of the columns indicate total radioactivity present. The shaded areas 
indicate radioactivity of glycogen due to incorporation of C“O; which was derived 
from the metabolism of the acids. 


12 per cent of the total activity of the glycogen formed resulted from the 
CO, produced during the metabolism of the radioactive lactic acid (3). In 
the case of the fatty acids, however, the correction due to radioactive carbon 
dioxide accounted for a greater percentage of the glycogen radioactivity. 
23, 55, and 98 per cent of the total radioactivity of the liver glycogen after 
propionate, butyrate, and acetate feeding respectively was accounted for by 
the C"O, incorporation. These results are interpreted as indicating that 
propionate and butyrate may be metabolized via carbohydrate pathways, 
but that acetate is not. 





i) 








BUCHANAN, HASTINGS, AND NESBETT 423 


In these experiments, the intracellular specific radioactivity of (+4) 
carbon was estimated from the specific radioactivity of carbon in the ex- 
pired carbon dioxide. The assumption is also made that the specific 
activity of radioactive (+4) carbon is the same throughout the tissue fluids 
of the body at any given moment. This assumption is basic for the calcu- 
lation of the radioactivity present in glycogen due to (+4) carbon after 
radioactive organic acid administration. In other words, it is assumed that 
the intracellular and extracellular specific activity of (+4) carbon is essen- 
tially the same whether the (+4) carbon was produced intracellularly, as in 
the combustion of the fatty acids, or introduced into the body extracellu- 
larly as after intraperitoneal injection of radioactive bicarbonate. That this 
assumption is probably justified is indicated by the experiments of Ball, 
Tucker, Solomon, and Vennesland (25). They found that, soon after intra- 
venous injection of radioactive bicarbonate, the specific activity of C™ in the 
serum is equal to the specific activity of C™ in the pancreatic juice, a secre- 
tion of intracellular origin, thus indicating rapid equilibrium of both 
intracellular and extracellular (+4) carbon. 

Since, as shown by Cori and Cori (26), the unnatural isomer d(— )-lactate 
is not appreciably converted to glycogen, the values of the carboxy! dl-lac- 
tate in Fig. 3 have been expressed in terms of the /(+-)-lactate absorbed, 
assuming that d(—)-lactate and /(+-)-lactate are absorbed at equal rates 
(26). Consequently, the average radioactivity values of the experiments 
with the dl-lactic acid have been multiplied by 2. On this basis, 3.6 per 
cent of the /(+-)-carboxy] lactate absorbed was converted to glycogen. It 
is appreciated that the results obtained after fatty acid plus glucose feeding 
and those after di-lactate feeding without glucose are not strictly com- 
parable. The amount of radioactivity incorporated into liver glycogen 
after a radioactive organic acid is fed is probably directly proportional to 
the amount of liver glycogen formed and inversely proportional to the size 
of the carbohydrate metabolic pool. Although the effective carbohydrate 
pool is increased by simultaneous feeding of glucose with the radioactive 
fatty acids, considerably more glycogen was formed in these experiments 
than in the lactate experiments. For these reasons, it is probably fortui- 
tous that the values for the net radioactivity of the glycogen formed after 
the feeding of radioactive dl-lactate (calculated as /(+-)-lactate) and pro- 
pionate agree so closely. 

The use of glucose to stimulate glycogen formation in the presence of 
labeled fatty acids occurred to us following the experiments of Moss and 
Schoenheimer (27) who found that considerable quantities of deuteriotyro- 
sine were formed from deuteriophenylalanine when large amounts of normal 
non-isotopic tyrosine were included in the diet in addition to the isotopic 
phenylalanine. Likewise, Stetten and Schoenheimer (28) have shown that 
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in rats palmitic ucid is converted into palmitoleic acid and stearic acid, 
although these substances were supplied in the butter fat of the stock diet, 
These experiments lend support to the view that the reactions concerned 
with the function and metabolism of protein and fat are in dynamic equilib- 
rium. A comparable point of view is adopted in the present paper in 
which the reaction of fatty acids to glycogen formation from glucose is 
studied. 
SUMMARY 


1. Three carboxyl radioactive fatty acids, acetic, propionic, and butyric, 
containing radioactive carboxy! carbon have been synthesized and fed with 
glucose to fasted white rats. 

2. Evidence is presented which indicates that propionic and butyric acids 
are converted to liver glycogen, but that acetate is not. 

3. Approximately 50 per cent of the radioactive fatty acid absorbed was 
excreted in the respiratory gases as carbon dioxide over a 2 hour period. 

4. After radioactive acetate was fed with and without other substances, 
no C"™ could be detected in the liver fat fraction 2 hours after admin- 
istration. 


We wish to express our appreciation for their generous cooperation to the 
members of the Harvard cyclotron group, and especially to Dr. B. R. 
Curtis. We also thank the Milton Fund for aid which made this work 
possible. 
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THE ELECTROPHORETIC PROPERTIES OF GLOBIN FROM 
VARIOUS SPECIES 


By MURIEL PLATT MUNRO anp F. L. MUNRO 
(From the Charlotte Drake Cardeza Foundation, Jefferson Medical College, Philadelphia) 


(Received for publication, August 12, 1943) 


Recently, Reiner, Moore, Lang, and Green (1) reported on the electro- 
phoretic analysis of bovine globin in glycine-hydrochloriec acid buffers at 
pH 2.6 and 3.7. They found that under these conditions bovine globin 
separated into two components. They also found that the mobilities and 
proportion of these two components were only slightly affected by the 
method of purification. Globin preparations containing large amounts of 
denatured globin had essentially the same properties as purified globin. 

At the time this paper appeared we were investigating the electrophoretic 
properties of human globin, using phosphate buffers over a pH range of 
5.2 to 7.9. Under these conditions we had not found any evidence of 
separation into two components, but in view of the report of Reiner et al. 
decided to extend our studies to include the pH value of 2.7, and both 
bovine and rabbit globin. 


EXPERIMENTAL 
Material and Methods 


Globin was prepared according to the method of Anson and Mirsky (2); 
human globin from red cells remaining after removal of plasma from out- 
dated bank blood, bovine and rabbit globin from red cells obtained after 
centrifugation of fresh oxalated blood. The native globin was usually 
freed from denatured globin by dissolving it in water, neutralizing by 
dialysis against M/30 dipotassium phosphate, and precipitating the rest 
of the denatured globin by bringing the solution to 40 per cent saturation 
with ammonium sulfate. The native globin was then precipitated by 
bringing the filtrate to 70 per cent saturation with ammonium sulfate. The 
precipitate was centrifuged down, dissolved in the buffer, and dialyzed 
against the particular buffer under investigation. Usually four dialyses 
against 500 cc. of the buffer were sufficient to remove the ammonium sul- 
fate, and this was followed by dialysis against the final lot of 2000 cc. used 
for electrophoresis. 

The phosphate buffers used for electrophoresis had an ionic strength of 
0.1 and ranged in pH from 5.2 to 7.9. In the electrophoresis at pH 2.7, 
the buffer described by Reiner et al. (1), containing 0.1 m glycine-hydro- 
chloric acid and 0.12 m sodium chloride, was used. Since the ionic strength 
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of this buffer differs from that of the phosphate buffers, the results in the 
two buffers are not comparable. 

The electrophoretic analyses were made by means of the Tiselius ap- 
paratus (3) with the Toepler schlieren optical arrangement as modified by 
Longsworth (4). Electrophoresis was allowed to proceed for 2 to 5 hours, 


1.5 to 6.5 volts per cm. being used. 


TABLE I 
Mobility of Globin in Phosphate Buffers of Tonic Strength 0.1 


Species pH Mobilities* Species pH Mobilities* 
uw X 108 pu X 105 
Human §.2 +4.0 Human 7.6 —0.1 
” 5.5 +3.1 - 7.9 —1.3 
- 6.2 +2.0 Rabbit 5.5 +3.1 
ve 6.8 +0.7 Bovine 5.6 2.7 
“5 7.3 +0.1 
* Calculated on the basis of the descending boundaries. 
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Fic. 1. Longsworth patterns of human globin in phosphate buffer, u = 0.1, at pH 
5.5. Left, ascending pattern; right, descending pattern. 


Results 


The data obtained by electrophoresis of globin from the three species 
in phosphate buffers are given in Table I. Over a range of pH 5.2 to 7.9, 
human globin migrates as a single component with an isoelectric point at 
pH 7.5. The electrophoretic diagram for human globin at pH 5.5 is shown 
in Fig. 1. Bovine and rabbit globin were studied in phosphate buffer 
only at pH 5.5. It was found that at this pH they also migrated as a 
single component, with a mobility identical with that of human globin. 

In the glycine-hydrochlorie acid buffer of pH 2.7, we found, as did Reiner 
et al., that bovine globin separates into two components. The mobilities 
which we obtained, however, differed markedly from those reported by 
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these authors (see Table II). It appeared possible that the difference in 
mobilities might be due to the method of preparation of the native globin. 
Accordingly, the effect of modifications in the method of preparation on the 
mobilities was investigated: (a) the globin was neutralized with sodium 
hydroxide and precipitated by ammonium sulfate as described by Anson 
and Mirsky (2), then dissolved in, and dialyzed against, distilled water 


TABLE II 
Mobility of Globin in Glycine-Hydrochloric Acid Buffer of pH 2.6 


Mobilities* 
Species Method of purification 
Fast component Slow component 
uw X 108 uw X 108 

Bovine KeHPO, and (NH,4).SO, 6.8 4.8 

- NaOH and (NH,4).S0O, 6.7 4.6 

4 No purification 6.6 4.5 
Rabbit KoHPO, and (NH,4).SO, 6.9 4.9 
Human ri "= = 5.8 4.1 
Bovine Data of Reiner et al. (1) 9.4 6.6 


* Calculated on the basis of the descending boundaries. 
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Fic. 2. Longsworth patterns of human globin in glycine-hydrochlorie acid buffer, 
0.1 M, containing 0.12 m sodium chloride, at pH 2.7. Left, ascending pattern; right, 
descending pattern. 


until free of ammonium sulfate, and then dialyzed against the buffer, and 
(b) crude globin was dissolved in water and dialyzed against the buffer 
without purification. In each case, however, the same mobilities were 
obtained for the two components (see Table II). Storage of the crude 
globin in the dry state does not appear to influence the mobility, since 
identical values were obtained after the globin had been kept in a vacuum 
desiccator for a period of 3 months. 
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Rabbit globin when subjected to electrophoresis in glycine-hydrochlorie 
acid buffer at pH 2.7 has properties similar to those of bovine globin. Two 
distinct components were found with mobilities the same as those we had 
found for bovine globin (Table IT). 

Human globin, however, differs from bovine and rabbit globin in this 
respect. There is some evidence of separation of the globin; see Fig. 2 
which shows the pattern obtained after electrophoresis for 290 minutes 
with 4.9 volts per em. The break in the curve indicates that in human 
globin there are two components, but that there is not a great difference 
in their relative mobilities. These were calculated to be 5.8 K 10-° and 
4.1 & 10-° sq. em. per volt per second for the fast and slow component 
respectively, but the values must be considered as only approximate. 


DISCUSSION 


There is an interesting similarity between our data for globin and those 
found by other investigators for plasma albumin. Thus Luetscher (5) 
found that both human and horse serum albumin separated into two com- 
ponents when subjected to electrophoresis at pH 4.0. He also found a 
difference in the mobilities of the fast and slow components in the two 
species studied. Cohn (6) states that at pH 7.7 albumins from human, 
bovine, or horse sera migrate as single components with almost identical 
mobilities, and Tiselius and Kabat (7) obtained similar results for horse, 
pig, rabbit, and monkey albumin. 

Similarly we found that at pH 5.5, rabbit, bovine, and human globin 
migrated as a single component with the same mobility. At pH _ 2.7, 
however, there was separation into two components whose mobilities 
were the same for bovine and rabbit globin, but differed for human globin. 
This difference between bovine and human globin becomes even greater if 
our values for human globin are compared with those found by Reiner 
et al. (1) for bovine globin. 

We are unable to give any explanation for the variation between our 
data for bovine globin at pH 2.7 and those found by Reiner ef al. (1). 
These authors found, as we did, that neither the method of preparation of 
native globin nor the presence of denatured globin had any marked effect 
on the proportions of the two components or on their respective mobilities. 
The possibility exists that variations in the preparation of the crude globin 
itself have been responsible for the differences found in the two laboratories. 


SUMMARY 


1. In phosphate buffer at pH 5.5, globin prepared from human, bovine, 
and rabbit hemoglobin migrates as a single component with identical 
mobilities for the three species. 
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2. In phosphate buffers over a range of pH 5.2 to 7.9, human globin 
migrates as a single component with an isoelectric point of pH 7.5. 

3. In glycine-hydrochloric acid buffer at pH 2.7, bovine and rabbit 
globins separate into two distinct components with identical mobilities 
for the two species. Human globin also separates into two components, 
put the separation is not so marked, nor are the mobilities the same as 
those found for bovine and rabbit globin. 
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THE ABSORPTION SPECTRUM OF LUCIFERIN AND 
OXIDIZED LUCIFERIN 


By AURIN M. CHASE 


(From the Physiological Laboratory, Princeton University, Princeton) 
(Received for publication, June 11, 1943) 


The ostracod crustacean, Cypridina hilgendorfit, has a gland in the head 
region which manufactures and stores two chemical substances, an enzyme, 
luciferase, and a substrate, luciferin, whose interaction in the presence of 
water and oxygen gives rise to a luminescence. These compounds remain 
stable for years if the animals are stored in a dry state. It is necessary only 
to grind up the dried material and extract with suitable solvents to obtain 
luciferin or luciferase for quantitative studies of the luminescent reaction 
in vitro (Harvey (8)). 

It has been shown (Chase (4)) that the visible absorption spectrum of 
solutions of partially purified Cypridina luciferin undergoes a definite series 
of changes during exposure to air, the rate increasing with increasing pH. 
These measurements were made with Shlaer’s spectrophotometer (Shlaer 
(10)). While this instrument has a very high precision, its operation is 
rather slow and it is consequently not possible to measure the complete 
visible absorption spectrum of a solution whose color is unstable. How- 
ever, spectra containing four or five points can be obtained if measurements 
are made as rapidly as possible at four or five selected wave-lengths in suc- 
cession and are repeated until the color of the solution has become stable. 
A curve relating photometric density (log /,)/J) to time is then plotted for 
each of the wave-lengths measured and from these curves skeleton absorp- 
tion spectra can be drawn by interpolation. These indicate the color of the 
solution at any given instant after the onset of the reaction. From absorp- 
tion spectra that were measured by this method it was apparent that during 
oxidation of luciferin solutions (without luciferase) the absorption maximum 
—originally in the violet region of the spectrum—shifts rapidly to about 480 
my, and then gradually disappears, without any further qualitative change, 
to give finally an almost colorless solution. 

Since the rate of disappearance of luciferin (as measured by the total light 
obtainable on addition of luciferase) approximately paralleled the rate of 
change of the absorption spectrum of the luciferin solutions at various 
pH values, it was assumed that the labile color was a property of the 
luciferin itself. The initial shift of maximum to 480 my was interpreted as 
representing the reversible oxidation of luciferin (Anderson (3)), and the 
subsequent disappearance of this maximum as representing a secondary 
irreversible reaction, probably also an oxidation. 
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The measurements described above have been repeated, and a number of 
additional ones made, with the Hardy recording spectrophotometer (6) at 
the Massachusetts Institute of Technology. This instrument can trace a 
complete visible absorption spectrum upon graph paper in from 2 to 4 
minutes. Consequently, the details of the spectrum can be measured and 
the position of maxima well established, even though the color of the solu- 
tion is not stable. The effect of pH on the course of the color changes was 
studied in order to get absorption curves with greater detail than those 
reported in the earlier paper. The absorption spectrum of a luciferin solu- 
tion free of oxygen was also measured to determine whether or not the color 
change could occur in the absence of oxygen. In addition, luciferin extrac- 
tions that had been carried through one and two cycles of purification were 
studied and the amount of labile color was compared with the concentration 
of luciferin in the two solutions. Finally, the absorption spectrum was 
measured during the luminescent reaction itself. This is possible with the 
Hardy spectrophotometer because it does not respond to continuous, but 
only to intermittent light, and the measurements are therefore not affected 
by luminescence in the absorption cell. The primary purpose of these four 
sets of experiments was to determine whether the color changes were 
actually characteristic of the dissolved luciferin itself or merely related to 
some other component of the solution. 


Materials and Methods 


The luciferin was extracted from dried, ground Cypridina organisms and 
was purified by the method of Anderson (2). Some extractions were used 
which had been carried through only one cycle of purification; others had 
been carried through a second cycle. The latter are visibly less colored 
than the former. The luciferase was freed of practically all colored impuri- 
ties and of a certain amount of protein impurity by dialysis against distilled 
water. As the pH falls during prolonged dialysis, precipitation of consider- 
able inactive material occurs and the practically colorless active supernatant 
can then be used as a luciferase stock solution (Giese and Chase (5)). 

The pH of the experimental solutions was adjusted with 0.2 m phosphate 
buffers (disodium and monopotassium phosphates). 

In all of the experiments, luciferin that had been dried by removing the 
butyl! alcohol solvent in vacuo was used as the starting material. This dried 
residue was then dissolved in a small amount of 0.1 N hydrochloric acid, 
phosphate buffer was added, and finally an amount of 0.1 N sodium hydrox- 
ide exactly equivalent to the acid was run in, and the solution was trans- 
ferred to an absorption cell. pH values were checked with the glass 
electrode. 


In those experiments in which anaerobic conditions were not maintained, 
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measurement of the absorption spectrum was begun immediately after the 
free acid had been neutralized by the sodium hydroxide. Since the proce- 
dures and dilutions necessarily differed considerably in the different types 
of experiments, they will be described in greater detail in the following 


section. 
EXPERIMENTAL 


Effect of Hydrogen Ion Concentration on Absorption Spectrum and Changes 
Which It Undergoes—Two aqueous solutions of doubly purified luciferin, 
treated as described above and buffered at pH 6.8 and 5.1, respectively, 
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Fic. 1. A shows the changes which occur in the visible absorption spectrum of a 
luciferin solution of pH 6.8 during exposure to air. Curve A is the spectrum 5 
minutes after the luciferin was dissolved. Curve B was measured after a total 
elapsed time of 19 minutes, Curve C after 31 minutes, Curve D after 44 minutes, 
Curve E after 81 minutes; Curve F is the spectrum after 2 days. B shows similar 
measurements on a luciferin solution of pH 5.1. Curve A was measured 4 minutes 
after the luciferin was dissolved, Curve B after 16 minutes, Curve C after 30 minutes, 
Curve D after 59 minutes, Curve E after 81 minutes, Curve F after 300 minutes, and 
Curve G after 26 hours. 


were measured with the Hardy recording spectrophotometer at intervals 
during exposure to air in an absorption cell whose optical depth was 10 
mm. Fig. 1 shows absorption spectra! of these two solutions. Several 
facts are at once evident from these curves. First, the absorption spectrum 
of the freshly dissolved luciferin is very similar in the two solutions, although 


1 In all the graphs, extinction (negative logarithmy of the transmission measured 
by the spectrophotometer) has been plotted on the ordinate against wave-length in 
my on the abscissa. 








436 LUCIFERIN ABSORPTION SPECTRUM 


their pH is different. Second, the absorption maximum shifts from a value 
of about 430 my to one of about 460 or 470 my in both cases, and this change 
is much faster at pH 6.8 than at pH 5.1. Third, in both cases the absorp- 
tion maximum at about 460 to 470 my subsequently disappears at a rela- 
tively slow rate until the solution approaches a colorless condition. 
However, in the case of the solution at pH 5.1, a product is evidently 
formed which behaves as an acid-base indicator with a stronger blue-violet, 
absorption. This substance is apparently produced during the second step 
in the color change; that is, during the slow disappearance of the absorption 
maximum at 460 to 470 mu. Preliminary measurements in the visible and 
ultraviolet regions with the Harrison and Bentley rapid recording spectro- 
photometer (Harrison and Bentley (7)) show that an increase of absorption 
in the region between 320 and 400 mz is correlated with the decrease at 470 
my (see Fig. 6). 

Dependence of Color Changes upon Oxygen—Luciferin solutions remain 
stable practically indefinitely, so far as potential luminescence is con- 
cerned, in absence of dissolved oxygen. Therefore, if the changes in ab- 
sorption spectrum of luciferin solutions represent luciferin, they should not 
occur if oxygen is not present. The apparatus designed for this experiment 
is shown diagrammatically in Fig. 2. A fused glass absorption cell of 50 ce. 
capacity and 50 mm. optical depth was equipped with a cover of thick 
Pyrex glass through which two holes had been bored. A glass tube pro- 
jected through one of these holes to just below the lower surface of the 
cover. This tube was fitted with a stop-cock (A) of sufficient bore to per- 
mit entrance of a thin glass tube from a burette, so that a measured volume 
of solution could be run into the cell. Through the other hole in the Pyrex 
plate a glass tube ran to the bottom of the absorption cell in such a way 
as not to obstruct the optical path through the cell. This tube connected 
through a stop-cock (B) with the lower end of a glass cylinder of 40 ce. 
capacity. At the upper end of this cylinder was a 3-way stop-cock (C). 

6 ec. of butyl alcohol solution of luciferin were transferred from the 
anaerobic storage flask into the absorption cell through the bore of stop- 
cock A by means of the modified burette. The whole apparatus was then 
put into a vacuum desiccator and the butyl alcohol was removed with a 
pump, leaving a thin film of dry material (largely luciferin) on the bottom 
of the absorption cell. The apparatus was removed from the desiccator 
and 18 cc. of 0.2 m phosphate buffer of pH 6.75 and 10.5 cc. of 0.100 N 
sodium hydroxide were put into the glass cylinder through the bore of stop- 
cock C, and one arm of C was then connected with the purified hydrogen 
line with lead tubing and de Khotinsky cement. The free openings of 
stop-cocks C and D were connected with water traps by rubber tubing. 

Through the bore of stop-cock A were now run 10.5 ec. of 0.100 N hydro- 
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chloric acid to dissolve the luciferin in the absorption cell. Oxidation of 
luciferin occurs very slowly in 0.1 N hydrochloric acid (Anderson (2)), and 
so no effort was made to free the acid solution of air before introducing it. 
A and D were immediately connected together with lead tubing and de 
Khotinsky cement and all the stop-cocks were turned so as to allow puri- 
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Fic. 2. Diagrammatic plan of the apparatus used to prepare an anaerobic solution 
of luciferin of pH 6.8 in an absorption cell, for measurement of the absorption spec- 
trum in the absence of air. For details of the procedure see the text. 


fied hydrogen to flow into the absorption cell, over the surface of the acid- 
luciferin solution, through B, up through the solution in the cylinder, and 
out of the apparatus to the air through the open arm of C. The hydrogen 
flowed in this direction at a slow rate for 9 hours, ample time to deaerate 
both solutions. 

Stop-cocks A and C were now turned so as to close off completely the 
absorption cell and the cylinder. The part of the tubing between the 
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hydrogen line and C was flushed out with hydrogen, D having been closed. 
Stop-cock C was next turned so as to connect the cylinder and the hydrogen 
line, and A and D were immediately opened to the air, with the result that 
the solution in the cylinder was forced over into the absorption cell and 
mixed with the acid-luciferin solution, thereby producing a pH of approxi- 
mately 6.8 in the final mixture. 

The hydrogen was allowed to bubble through the mixed solutions in the 
absorption cell for 2 hours to insure complete deaeration, and stop-cocks 
A and B were then closed and the absorption cell and cylinder disconnected 
from the hydrogen line and transported to the spectrophotometer. Ab- 
sorption spectra of this solution are shown in Fig. 3. The luciferin used 
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Fic. 3. Absorption spectra of a hydrogen-saturated solution of luciferin that has 
been carried through a single cycle of purification. Four spectra measured during 
the course of an hour fell exactly on Curve A. Curve B was measured after air 
had been passed through the solution for 1 minute, and Curve C after the solution 
had been exposed to air for 60 minutes. The color change does not occur in the 
absence of oxygen. 


in the measurements had been carried through only one cycle of purification 
and the curves consequently do not have the shape of those measured on 
doubly purified luciferin (see, for example, Fig. 1), because a greater amount 
of stable yellow color, which would have been removed by the second cycle 
of purification, was still present. The form of the absorption spectrum is 
immaterial in this experiment, however, since its purpose is to demonstrate 
the complete stability of the color of the solution in absence of air. Six 
absorption spectra were measured, four during an hour in which the absorp- 
tion cell remained closed and therefore free of oxygen, and two following 
the admission of air to the cell. The first four curves were identical and 
all fell exactly on Curve A in Fig. 3. Curve B represents the color 10 
minutes after the stop-cocks of the absorption cell had been opened and air 
passed slowly through the solution for 1 minute. The absorption of the 
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solution has increased at wave-lengths longer than about 440 mu. Curve C 
represents the solution after passive exposure to air for a period of 60 
minutes. The absorption has continued to increase at wave-lengths longer 
than 440 my and has decreased slightly at shorter wave-lengths. This 
experiment demonstrates conclusively that the changes in the absorption 
spectrum of luciferin solutions are dependent on oxygen, just as is the loss 
of luciferin from such a solution when the luciferin content is determined 
by measuring the total luminescence. This indicates an identity between 
luciferin and the substance responsible for the changes in the absorption 
spectrum, although it does not prove the point conclusively. 

Relation between Lalbile Color of Luciferin Solutions and Luciferin Con- 
centration As Measured by Total Light Emission—The fact that the velocity 
of the change in the absorption spectrum of a purified luciferin solution 
increases with increase in pH in a manner that is qualitatively similar to 
the rate of disappearance of luciferin, as measured by total light content 
(Chase (4)), indicates a relationship between the luciferin and the changes 
in the absorption spectrum. Furthermore, as described above, neither the 
changes in the absorption spectrum nor the loss of luciferin (measured by 
total light content) occurs in absence of dissolved oxygen. Even more 
convincing evidence that the change in absorption spectrum represents 
luciferin itself can be obtained by comparing the difference in labile color 
between two luciferin solutions that have been carried, respectively, 
through one and two cycles of purification (the method of Anderson (2)) 
with the difference in luciferin content of these two solutions as measured 
by their total luminescence. If the luciferin is responsible for the labile 
color, there should be a proportionality between the latter and total 
luminescence. 

As a measure of labile color, as contrasted with total color (labile plus 
stable color), the curve of photometric density (log J)/J) against wave- 
length of a fully oxidized solution of luciferin was subtracted from that 
of a solution in which luciferin had been freshly dissolved. In Fig. 4 seven 
absorption spectra are shown. Curve A is from an aqueous solution 
(pH 6.8) of doubly purified luciferin measured 5 minutes after the luciferin 
was dissolved.2, Curve B is from the same solution after the color had 
become stable. Curve C is the difference between Curve A and Curve B, 
and can be taken as representing the labile color of the solution. Curve D 


? The butyl alcohol was removed in vacuo from 7 ec. of butyl alcohol solution of 
luciferin that had been carried through two cycles of purification. The dry residue 
was dissolved in 1.00 cc. of 0.100 n hydrochloric acid; 2.00 ec. of 0.20 m phosphate 
buffer of pH 6.8 were added and then 1.00 ec. of 0.100 nN sodium hydroxide to neutra- 
lize the free acid. The optical depth of the absorption cell was 10 mm. 
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is the absorption spectrum of a singly purified luciferin solution,* measured 
15 minutes after the luciferin and accompanying soluble impurities were 
dissolved. Exploratory measurements had shown that the changes in the 
absorption spectrum were slower in the case of the singly purified luciferin 
solution than in the doubly purified one and it was for this reason that the 
15 minute curve was used instead of the 5 minute curve. Curve E repre- 
sents the final, stable color of the singly purified luciferin solution. Curve F 
was obtained by subtracting Curve E from Curve D, and is taken as repre- 
senting the labile color of the solution of singly purified luciferin. 
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Fig. 4. Curves F and G are calculated absorption spectra representing the labile 
color in two luciferin solutions of different degrees of purity. Curves A, B, D, and E 
represent the data used in computing Curves F and G by the method described in the 
text. Curve C gives the original values from which those of Curve G were calcu- 
lated to correct for concentration differences between the two luciferin solutions. 


From the data contained in foot-notes 2 and 3 the dilution factor by 
which Curve C must be multiplied to make it directly comparable with 
Curve F can be calculated. This factor turns out to be 0.357 and Curve G 
represents the values of Curve C multiplied by it. The heights of Curves 
F and G at \ = 435 my were taken as measures of the labile color in the 
singly and doubly purified luciferin solutions, respectively. These values 
are 0.230 and 0.116 and their ratio is 1.98. The total luminescence from 


* The butyl alcohol was removed in vacuo from 5 cc. of luciferin solution that had 
been carried through a single cycle of purification. The dry residue was dissolved 
in 1.00 ec. of 0.100 n hydrochloric acid; 4.00 ce. of 0.20 m phosphate buffer of pH 
6.8 were added and then 1.00 cc. of 0.100 N sodium hydroxide. The optical depth of 
the absorption cell was 10 mm. 
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samples of the singly and doubly purified luciferin solutions was measured 
with the light-integrating apparatus described by Anderson (1). It was 
found that 1.00 cc. of the solution of singly purified luciferin had a total 
luminescence represented by 130.0 volts, while 1.00 cc. of the solution of 
doubly purified luciferin gave a total luminescence of 77.7 volts.‘ The 
ratio of these two values is 1.69. This figure differs by only 15 per cent from 
the ratio of the labile color in the two solutions. 

The rather good correspondence between these two ratios indicates that 
the labile color of luciferin solutions, and hence the changes in absorption 
spectrum which such solutions undergo, is a property of the luciferin mole- 
cule itself and not of impurities extracted with it from the Cypridina 
organisms. 

Absorption Spectrum of Luciferin Solution during Luminescent Reaction— 
As was mentioned earlier, the design of the Hardy spectrophotometer is 
such that it permits the measurement of absorption spectra of colored solu- 
tions in which continuous light emission is occurring. An experiment was 
therefore designed to determine whether the changes in the absorption 
spectrum of purified luciferin solutions during oxidation by air are dupli- 
vated during the relatively much more rapid oxidation of luciferin which 
accompanies luminescence in the presence of the enzyme, luciferase. 

The residue from 10 ce. of butyl alcohol solution of luciferin (carried 
through two cycles of purification) was dissolved in 2.0 cc. of 0.10 N hydro- 
chloric acid, and 2 ec. of 0.2 M phosphate buffer, pH 6.8, were added, fol- 
lowed by 2.0 cc. of 0.10 N sodium hydroxide. 2.5 cc. of this mixture were 
immediately put into each of two identical absorption cells (10 mm. optical 
depth). 1.5 cc. of distilled water were added to the solution in one cell 
and 1.5 cc. of a strong luciferase solution to the other. A brilliant blue 
luminescence occurred in the latter cell and the absorption spectrum was 
measured at once. 

Immediately after the first curve had been traced for the luminescent 
solution, the other solution which lacked luciferase was measured. The 
two solutions were measured alternately for an hour. They were then left 
for 8 hours and remeasured. The solution which had no luciferase was 
measured once more after a total of 20 hours had elapsed. Finally the 
absorption spectrum of a solution of luciferase of exactly the same con- 
centration as was used in the luminescent sample was measured. On the 
assumption that the luciferase undergoes no change in color during the 
luminescent reaction, its color could be subtracted from that of the luciferin- 
luciferase mixture and should allow an exact comparison between the 
velocity and character of the color changes in the two solutions. 


‘ The light emission is measured in arbitrary units, expressed as volts required to 
balance the total output of the photocell in the apparatus (Anderson (1)). 








442 LUCIFERIN ABSORPTION SPECTRUM 

In Fig. 5, A are shown absorption spectra of the luciferin solution which 
did not contain luciferase and which was consequently undergoing slow, 
spontaneous, non-luminescent oxidation. In Fig. 5, B are the absorption 


spectra which were measured on the solution to which luciferase had been 
added. These curves have been corrected for the slight color of the 


luciferase itself. 
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Fie. 5. The curves shown in A are absorption spectra of a luciferin solution meas- 
ured during exposure to air. Curve G is the spectrum immediately after the luci- 
ferin was dissolved, Curve H after 9 minutes, Curve I after 20 minutes, Curve J 
after 30 minutes, Curve K after 39 minutes, Curve L after 49 minutes, Curve M after 
455 minutes, and Curve N after 1140 minutes. In B are shown absorption spectra of 
a luciferin solution in which luminescence is occurring due to the action of the en- 
zyme, luciferase. Curve A is the spectrum immediately after the luciferin was 
dissolved, Curve B is measured | minute after luciferase was added, Curve C after 
12 minutes, Curve D after 22 minutes, Curve E after 40 minutes, and Curve F after 
457 minutes. The changes in the absorption spectrum are about 100 times as rapid 
during luminescent oxidation by luciferase as during non-luminescent oxidation. 


Inspection of Fig. 5 shows two things: (1) Essentially the same changes 
take place in the absorption spectrum of the two solutions and (2) they 
occur about 100 times as fast when luciferase is present as when it is absent. 
Curve A in Fig. 5, B and Curve G in Fig. 5, A were obtained from identical 
luciferin solutions which were measured as soon as possible after the luciferin 
had been dissolved. The original color of the solution for both samples is 
therefore represented by these curves. It is evident that during the 
luminescent reaction between luciferin and luciferase the same shift in 
absorption maximum from about 430 mu to about 470 my occurs which is 
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observed during the spontaneous, non-luminescent oxidation of luciferin. 
Moreover, this change must be exceedingly rapid during the luminescent 
reaction. These results are additional evidence that the changes in absorp- 
tion spectrum are attributable to the luciferin itself, rather than to im- 
purities. 

DISCUSSION 


From the results of the experiments that have been described in the pre- 
ceding section, it seems certain that the luciferin molecule in aqueous solu- 
tion possesses a definite absorption band in the visible region of the spec- 
trum and that during both luminescent and non-luminescent oxidation it 
is converted to a compound or compounds having a different visible absorp- 
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Fic. 6. Visible and ultraviolet absorption spectra measured with the Harrison 
and Bentley spectrophotometer. Curve A was measured as soon as possible after 
the luciferin was dissolved. Curve B was measured after exposure of the solution 
to air for 32 minutes, and Curve C after 24 hours. 


tion band. The fact that the changes in the absorption spectrum are the 
same whether luminescence be initiated by adding luciferase or whether the 
luciferin be allowed to oxidize spontaneously in air need not necessarily 
mean that the reaction products are identical in the two cases. If the 
luciferase reacts with a different group on the luciferin molecule than is 
affected in the spontaneous, non-luminescent oxidation, the changes in the 
absorption spectrum might still be identical provided the light-absorbing 
group itself were not radically affected. However, the simpler interpreta- 
tion would be that the products of the luminescent and non-luminescent 
reaction are identical, and this would imply that the luciferin molecule 
is altered in the same way in both reactions. The careful experiments of 
Anderson (3) indicate that the product of the luminescent reaction is dif- 
ferent from that of the non-luminescent oxidation, since he finds the latter 
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reversible and the former not. Although the absorption spectrum measure- 
ments are superficially not in accord with his results, they do not actually 
contradict them, for the reason that has been given above. 

Preliminary measurements of the visible and ultraviolet absorption spec- 
trum of Cypridina luciferin with the Harrison and Bentley spectropho- 
tometer (7) show, in addition to the visible band, ultraviolet bands at 
about 310 to 320 mu, and at 280 and 260 mu, with complete absorption 
below 240 mu. This spectrum, shown in Curve A of Fig. 6, bears a strik- 
ing resemblance to the spectra of certain naphthoquinone and anthra- 
quinone derivatives measured by Morton and Earlam (9). However, it 
has been found that the ultraviolet absorption spectrum of luciferin, like 
the visible spectrum, is unstable in the presence of air. Measurements 
with the rapid recording spectrophotometer of Harrison and Bentley show 
that during the first stages of non-luminescent oxidation the absorption 
decreases in the region from 250 to 320 my, and subsequently increases in 
the region from 320 to 400 mu, the latter change taking place during the 
time that the visible band at about 465 my is disappearing (see Fig. 6). 
Careful measurements of the ultraviolet spectrum of hydrogen-saturated 
luciferin solutions should be valuable in the determination of the structure 
of the molecule if the luciferin can be obtained sufficiently free of impurities 
for reliable ultraviolet studies. 


SUMMARY 


By means of the Hardy recording spectrophotometer the visible absorp- 
tion spectrum of solutions of purified luciferin was measured during spon- 
taneous non-luminescent oxidation at pH 5.1 and 6.8. In each case an 
initial absorption maximum at about 435 my is replaced by one at about 
465 my which subsequently disappears leaving an almost colorless solution. 
The velocity of these changes is greater at pH 6.8 than at pH 5.1. At the 
latter pH the final, stable solution absorbs more strongly in the blue-violet 
region, indicating that a compound may be formed which has the proper- 
ties of an acid-base indicator. Measurements with the Harrison-Bentley 
recording spectrophotometer show that changes also occur in the ultra- 
violet absorption spectrum of luciferin solutions during exposure to air. 

The changes in the visible absorption spectrum of luciferin solutions do 
not occur when the solution is saturated with hydrogen to the exclusion 
of oxygen. 

The labile color of solutions of luciferin is directly proportional to the 
concentration of luciferin determined by total luminescence measurements. 

The same sequence of changes in the absorption spectrum of luciferin 
solutions occurs when luminescence is initiated by addition of the enzyme, 
luciferase. In this case, however, the velocity is about 100 times as great 
as when the enzyme is not present. 
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It is concluded from these data that luciferin itself, and not accompany- 
ing impurities, is responsible for the observed changes in the visible absorp- 
tion spectrum during exposure to air. 

Although measurements of the ultraviolet absorption spectrum of par- 
tially purified luciferin solutions suffer from instability of the spectrum in 
the presence of dissolved oxygen and from possible presence of impurities, 
maxima of absorption appear to exist at about 310 to 320 my, 280, and 
260 mu, with complete absorption below 240 mu. 
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criticism during the course of this work. 
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It is now well established that the administration of adequate amounts 
of nicotinic acid results in a large increase in the V factor (coenzymes I 
and II) content of human erythrocytes (1-3). This synthesis has been 
observed in vitro, and is independent of the leucocytes (4). Recently, 
Hoagland and Ward (3) have reported that administration of comparable 
quantities of nicotinamide are without effect on the erythrocyte V factor 
concentration. The present report is concerned with an attempt to deter- 
mine the basis for this difference and thereby gain some insight into the 
mechanism of cozymase synthesis. 


EXPERIMENTAL 


Methods 


The V factor estimations of Hoagland and Ward depended upon the 
reduction of nitrate to nitrite by Hemophilus influenzae with subsequent 
colorimetric determination of the nitrite (3). It was thought of value to 
repeat their experiments with the turbidimetric assay of the growth of 
Hemophilus parainfluenzae described by Kohn and Bernheim (5). The 
accuracy of this procedure with pure solutions of cozymase has been 
checked by simultaneous comparison with the yeast fermentation method 
(6) and has been further confirmed by the excellent agreement obtained 
between the values for cozymase in human and dog erythrocytes (7) and 
rat and dog kidney cortex (6, 8). The results of the V factor assays were 
calculated as if all the V factor were present as diphosphopyridine nucleo- 
tide and are expressed as micrograms of diphosphopyridine nucleotide 
per cc. of erythrocytes. By total nicotinic acid is meant the nicotinic acid 
indicated by the colorimetric analysis and it is expressed as micrograms 
per cc. of red cells. Bound nicotinic acid represents the nicotinic acid 
present in the pyridine nucleotides and is calculated from the V factor 
assay. Unbound nicotinic acid is the arithmetical difference between total 
and bound nicotinic acid in the erythrocytes. Plasma nicotinic acid can- 
not be further subdivided and is obtained directly from the colorimetric 
assay. 
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Effects of Nicotinamide and Nicotinic Acid on Erythrocyte V Factor Con- 
centration in Vivo—Nicotinamide (3 gm.) was given during 3 days in 
divided doses (four per day) to a number of healthy young males. 3 hours 
after the last dose, blood was drawn by antecubital venepuncture and 
analyzed for V factor and for plasma and cell nicotinic acid. 24 hours 
later the same subjects were started on a similar course of 3 gm. of nicotinic 
acid in divided doses over 3 days. Blood samples drawn 3 hours after the 
last dose were assayed in like fashion. While the time intervals were 
considerably smaller than those reported by Hoagland and Ward, they 
have proved satisfactory in our experience (5). Typical results obtained 
on two of the subjects are shown in Table I. 























Taste I 
Effect of Nicotinic Acid and Nicotinamide Administration on Erythrocyte V Factor 
Concentration 
Subject H. I. K. Subject P. H. 
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While nicotinamide did not produce the dramatic effects on erythrocyte 
V factor concentration seen with nicotinic acid, it was not without effect. 
Nicotinamide feeding consistently raised the erythrocyte V factor content 
by 25 to 40 per cent under these conditions, while like amounts of nicotinic 
acid produced increases which varied from 90 to 300 per cent in a similar 
period. While it cannot be stated with certainty that the increase in V 
factor activity was due solely to an increase in the pyridine nucleotides, 
this would seem to be indicated by the excellent agreement between total 
and bound nicotinic acid. Since nicotinamide nucleoside is but one-third 
as active in the V factor assay as an equimolecular amount of cozymase, 
the presence of appreciable quantities of nicotinamide nucleoside would 
result in a considerable discrepancy between total and bound nicotinic 
acid. However, this experiment does not preclude the possibility of nico- 
tinamide nucleoside as an intermediary in cozymase synthesis. 

Permeability of Nicotinic Acid and of Nicotinamide in Vivo—Under the 
conditions employed above, only small increases in plasma nicotinic acid 
were observed. The chemical method used did not permit differentiation 
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between nicotinic acid and nicotinamide in either cells or plasma. Since 
poor synthesis of V factor from nicotinamide might be due merely to imper- 
meability of the red cell membrane to nicotinamide, the following experi- 
ment was undertaken. A single oral dose of 1 gm. of nicotinamide was 
taken by each of two healthy adult males and of 500 mg. of nicotinic acid 
by two others. Blood samples were taken for analysis at frequent inter- 
vals. The results are given in Tables II and III. 


TaBLe II 
Plasma and Erythrocyte Analysis after Ingestion of 1 Gm. of Nicotinamide 























Nicotinic acid, subject H. K. Nicotinic acid, subject H. P. S. 
Time = Ss Pe sas Se ees ee 
Bound Total | Unbound | Plasma Bound Total Unbound | Plasma 
iy Ars. y per cc. ¥ per cc. y perce. | ¥ per ce. Y per cc. Y per cc. Y per cc. |v per my 
0 15.1 16.1 1.0 <1 14.8 mae | OURS Ee 
0.5 15.1 30.1 | 15.0 15.3 14.8 43.0 | 28.2 26 
1.0 15.1 41.0 25.9 23.6 | 14.8 39.0 | 24.2 | 2 
1.5 15.1 42.0 26.9 25.7 14.8 35.0 20.2 | 22 
2.0 15.1 28.6 13.5 16.4 14.8 30.5 15.7 14.9 
4.0 15.1 21.7 6.6 7.6 14.8 22.2 7.4 7.3 
6.0 15.1 18.3 3.2 3.7 14.8 18.3 | 3.5 | 3.5 
TaB.Le III 
Plasma and Erythrocyte Analysis after Ingestion of 0.6 Gm. of Nicotinic Acid 
Nicotinic acid, subject H. I. K. Nicotinic acid, subject P. H. 
Time tiwe 22 < , ES ee COMET w EES HiT et ev Se meene cel!) keke Th Bo eS 
Bound Total Unbound Plasma Bound Total | Unbound | Plasma 
Ars. Y per a. . | *¥ per cc. Y per cc. ¥ per cc. ¥ per cc. y perce. | os per cc. | per Ct. 
0 15 15.0 0 1 14.7 6.0. |. 823.64 
1 15 16.7 a.7 1.3 14.7 22.0 7.3 | 7.6 
2 15 17.3 1.3 2.1 14.7 21.0 | 63 | 5.9 
4 15 19.6 4.6 1.9 14.7 19.1 4.4 1.4 
6 15 | 18.3 3.3 1.6 14.7 16.7 | 2.0 1.1 








Tables II and III show that both nicotinic acid and nicotinamide are 
rapidly absorbed from the alimentary canal. Maximum plasma concen- 
trations were observed after 60 minutes. The administration of these 
single large doses had no effect on cell V factor concentration over the 
period measured. The excellent agreement between the unbound nicotinic 
acid of the cells and the nicotinic acid of the plasma is apparent. This 
parallel rise and fall of the concentrations of both substances in the cells 
and plasma indicates that the erythrocytes are freely permeable to both. 
This being so, the different behavior of these two substances in promoting 
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the synthesis of cozymase must be attributed to specific chemical or 
enzymatic factors. 

V Factor Synthesis by Human Erythrocytes in Vitro—Synthesis of V fac- 
tor from nicotinic acid by the human erythrocyte in vitro has been reported 
by Kohn and Klein (4). However, such synthesis from nicotinamide has 
also been reported (2). It was thought of interest to compare the rates 
of these syntheses. 

In each instance 1.0 cc. of freshly drawn blood was incubated for 24 
hours at 35° with 0.1 ec. of 0.9 per cent NaCl containing 250 y of nicotinic 
acid or its amide. The controls were incubated with saline alone. Sterile 
precautions were observed throughout the procedure. 0.2 cc. of this mix- 
ture was then taken for V factor analysis. The results are shown in 
Table IV. Each value represents the mean of three independent analyses. 


TaBLe IV 


V Factor Synthesis by Human Erythrocytes in Vitro 


The V factor is calculated as if it were all coenzyme [. 


Substrate, 0.1 cc. 0.9 per cent NaCl containing Cell V factor 


Y per cc. 


Sled 
4 


No addition 


Nicotinic acid, 250 y 153 
Nicotinamide, 250 > 97 


Nicotinic acid, 250 y, + nicotinamide, 2000 y... 161 


In these experiments nicotinamide produced an increase of 30 to 50 per 
cent in the V factor content of the erythrocytes. This must be taken to 
indicate that human red blood cells do possess the ability to synthesize 
cozymase from nicotinamide. However, it is possible that the nicotinamide 
must first be hydrolyzed to nicotinic acid within the cell, since the latter 
compound produced increases of 80 to 140 per cent in the erythrocyte V 
factor concentration. The presence of nicotinamide did not inhibit syn- 
thesis from nicotinic acid but rather, if anything, appeared to enhance 
this synthesis. 

Decomposition of Cozymase after Hemolysis—It has been established that 
the decomposition of cozymase by animal tissues (brain, liver, kidney 
cortex, muscle) in vitro is accomplished by cleavage of the nucleosidic 
linkage between nicotinamide and the remainder of the cozymase molecule 
(9, 10). It seemed of interest in the present connection to determine 
whether the same mechanism operates in the human erythrocyte. 

To this end, aliquots from the same samples of blood were allowed to 
stand for 30 minutes in 4 times their volume of saline, water, 1 per cent 
nicotinamide, and 1 per cent nicotinic acid (pH 7.4). Samples were then 
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taken for V factor analysis. The results are collected in Table V. Each 
value is the mean determined with three blood samples. 

It is apparent that the destruction of cozymase following hemolysis is 
inhibited by nicotinamide but not by nicotinic acid. Since this has also 
been found to be true of the enzyme system of rat tissues, it would appear 
that the pathway of destruction of cozymase is the same in both instances. 

This conclusion was supported by the finding that the enzymatic decom- 
position of cozymase was not accompanied by hydrolysis of the nicotin- 
amide moiety. Human erythrocytes were hemolyzed in water and the 
proteins precipitated by tungstic acid in the manner employed for total 
nicotinic acid analysis (7). One aliquot was then taken for analysis in 
the usual fashion. A second was treated with sodium hypobromite (11) 
to convert any nicotinamide present to 8-aminopyridine which gives virtu- 
ally no color in the Koenig reaction when metol (p-methylaminophenol 


TABLE V 
Nicotinamide Inhibition of Decomposition of Cozymase after Hemolysis 
The V factor is calculated as if it were all coenzyme I. 








Medium Cell V factor 
Y per cc. 
A ne eee eee PES «Te 84 
Fe ee ee 4 
TT ® , re eee PP Vee 3 
setmaibbe F6.. 2 386 ie LEER IIS NEPA See | 80 





sulfate) is used as the coupling agent. This sample was then analyzed 
for nicotinic acid. In four such determinations chromogenic material 
equivalent to but 1 ¥ of nicotinic acid per cc. of erythrocytes was obtained. 
Of the total of 16 y of nicotinic acid determined by the usual technique, 
after hemolysis and enzymatic decomposition of cozymase, 15 y must, 
therefore, be nicotinamide. It is noteworthy that the amount of nicotinic 
acid thus determined is of the same order of magnitude as the usual dif- 
ference between total cell nicotinic acid and that calculated from the V 
factor estimation. To complete this description of the mechanism of 
cozymase decomposition after hemolysis it would be essential to establish 
whether or not inorganic phosphate is liberated in this process. However, 
this did not seem feasible in the presence of the relatively large amounts 
of phosphate ordinarily present in the medium after hemolysis. 


DISCUSSION 


The foregoing data definitely indicate that cozymase synthesis within 
the human erythrocyte does not proceed merely by reversing the pathway 
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of decomposition. The enzyme system which, in vitro, destroys cozymase 
functions by the liberation of nicotinamide, not nicotinic acid, from the 
remainder of the cozymase molecule. Yet nicotinamide is, at best, but 
one-third as potent as nicotinic acid in promoting cozymase synthesis by 
human erythrocytes in vivo or in vitro. Moreover, nicotinamide fails to 
inhibit cozymase synthesis from nicotinic acid, while it does inhibit the 
enzymatic decomposition of cozymase. Since inhibitors have usually been 
found to inhibit biologically reversible reactions in both directions (12), 
this is further evidence of the difference between the mechanisms of syn- 
thesis and decomposition of cozymase by the human erythrocyte. 


SUMMARY 


1. Simultaneous nicotinic acid and V factor analysis of human erythro- 
cytes after the ingestion of nicotinic acid or its amide, and after in vitro 
incubation, indicates that the amide is, at best, one-third as potent as the 
acid in stimulating cozymase synthesis. 

2. The human erythrocyte is freely permeable to both nicotinic acid and 
nicotinamide. 

3. The enzymatic decomposition of cozymase after hemolysis appears 
to proceed in the same manner observed with rat tissues, in vitro. 

4. It is concluded that the synthesis of cozymase by the human erythro- 
cyte is not accomplished by reversal of the events in decomposition. 


Our thanks are due to the John and Mary R. Markle Foundation and to 
the Duke University Research Council for their assistance in this work 
and to Merck and Company, Inc., for the nicotinic acid and nicotinamide 


used in this study. 
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In 1934 Martini and Bonsignore (1) developed a photochemical method 
for the determination of ascorbic acid, using methylene blue in the presence 
of strong light as the oxidant. They found that the reaction was most valid 
at pH 4 to 4.5. In 1936 Lund and Lieck (2) reported a similar method. 
Both these procedures involved simultaneous irradiation and titration. In 
1938 Guthe and Nygaard (3) studied the course of this reaction by means of 
a photelgraph, and observed that the wave-length of light effective in 
activating the reaction corresponded to the absorption of methylene blue 
and was 560 to 680 my. Their reaction mixture was pH 2.7. This method 
eliminated visual titration, the progress of oxidation and decoloration being 
recorded by a photelgraphic tracing. 

The photosensitized reaction of methylene blue and ascorbic acid at the 
optimal reaction pH 4.5 is rapidly reversible. When the light is removed, 
the leucomethylene blue changes back to the colored reduced form at such 
velocity as to make photoelectric colorimetry impractical. Ina preliminary 
report from this laboratory (4) of the method amplified in the procedures 
reported here, this difficulty was overcome by changing the pH of the reac- 
tion mixture at completion of the activated reduction of the methylene blue 
to an acidity that retards the reverse oxidation. Thus illumination could 
be discontinued and photoelectric colorimetry conveniently carried out 
without change of color. 

Because methylene blue under the condition of the procedures developed 
is a more sensitive and specific oxidation-reduction indicator for ascorbic 
acid than are the commonly used indophenol indicators, its use provides 
micromethods that are more satisfactory than those heretofore avail- 
able (5-7). 

Apparatus—Special centrifuge hematocrit tubes for separating the buffy 
layer of whole oxalated blood, as described by Butler and Cushman (4). 
The separation of the buffy layer in these tubes depends upon the selection 
of a tube whose proportions are such that the meniscus of the red cells and 
the buffy layer of the centrifuged whole blood in the tube will come within 


* This work was supported by a grant from the Committee on Research in Nutri- 
tion of the National Research Council. 
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the constricted stem. These tubes can be obtained from the Macalaster- 
Bicknell Company, Cambridge, Massachusetts, in sets of four which cover 
a hematocrit range of 15 to 55 percent. They are centrifuged in centrifuge 
cups 150 mm. X 35 mm. 

Tubes for CO saturation and HPO; precipitation. A heavy walled, 
Pyrex Thunberg tube, 120 X 20 mm., with a round bottom and a ground 
glass joint at the topinto which fits the ground glass end of the top overhang 
bulb. The small hole in the ground glass portion of the top is so placed in 
relation to the overhang bulb that the side arm opens into the tube when the 
overhang bulb is directly opposite the side arm. The side arm is 25 mm. 
long, with an internal diameter of approximately 3 mm. The assembled 
Thunberg tube has an over-all length of approximately 136 mm. and may be 
centrifuged in a 50 cc. centrifuge cup, with the side arm just clearing the 
rim ofthecup. The tube is so placed in the centrifuge cup that the side arm 
and bulb will face down while centrifuging. The tube is held in place in 
the cup by a thin ring of cork or rubber surrounding it and fitting snugly 
into the cup. A rubber band or “ty-on” is twisted about the bulb and 
side arm to immobilize the two parts during centrifugation. 

A 2-way stop-cock with three thick walled rubber tubings for connection to 
the side arm of the Thunberg tube, water vacuum pump, and CO reservoir. 
By turning the cock the saturation tube can be alternately evacuated and 
filled with CO. A manometer is inserted between the stop-cock and re- 
action tube. 

Photoelectric colorimeter, Evelyn,! Filter 660, with transmission from 
635 to 720 mu. 

Activating light. A 500 watt electric light with reflectors focused to 
illuminate the colorimeter tube placed in a beaker of water. 

Reagents— , 

All reagents should be prepared with glass-distilled water and all reagent 
vessels should be rinsed and all cells laked with such water. 

Oxalate anticoagulant solution. 3 gm. of ammonium oxalate and 2 gm. 
potassium oxalate per 100 cc. of distilled water (8). The required number 
of ec. of this solution for the sample of blood to be used, on the basis of 0.2 
ec. per 5 ec. of blood, is measured into a 25 ec. Erlenmeyer flask and evapo- 
rated to dryness with a current of air. 

0.5 m acetic acid. 3 ec. of glacial acetic acid plus distilled water to 
100 ce. 

0.25 m sodium acetate buffer solution. 3.4 gm. of NaC,H;0.-3H,0 
and distilled water to 100 cc. plus 0.2 ec. of 0.5 m acetic acid. The pH 
should be 7. Test with brom-thymol blue and add more acid if necessary. 
Preserve with a few drops of toluene. 


¥Manufactured by the Rubicon Company, Philadelphia. 
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Methylene blue (methylthionine chloride, Merk’s reagent grade) solu- 
tion. 10 mg. of methylene blue plus distilled water to 100 cc.; keeps at 
least 2 weeks in the refrigerator. 

Buffered dye solutions. A, macroanalysis: 1.2 mg. per cent of methylene 
blue in 0.125 mM acetate buffer solution. This is made fresh daily by mixing 
3 cc. of 10 mg. per cent methylene blue, 12.5 cc. of 0.25 m sodium acetate 
buffer, and 9.5 cc. of distilled water. B, microanalysis: 0.5 mg. per cent of 
methylene blue in 0.1 M acetate buffer solution made fresh daily by mixing 1 
ec. of 10 mg. per cent methylene blue, 8 cc. of 0.25 m acetate buffer, and 11 
ec. of distilled water. The addition of the buffered dye solution to the 
HPO; filtrate and blank solution as specified in the procedures should 
bring the pH of the final solution to between 4.3 and 4.5. 

HPO; solutions. 0.5, 25, 30, 40, and 55 per cent solutions. These solu- 
tions should be stored in an ice box and made up fresh at least every 2 
weeks. 

Hydrochloric acid solutions. 0.1 N and 0.3 N. 

CO gas. This is prepared and stored according to the directions of 
Peters and Van Slyke (9). 


Procedure 


Preparation of Samples of Plasma, White Cells Plus Platelets, and Whole 
Blood—About 15 ec. of venous blood are collected in the chemically clean 
flask containing 0.6 cc. of the oxalate anticoagulant solution previously 
dried. If one anticipates any difficulty in getting the blood sample, a 
drop of 20 per cent potassium oxalate should be put in the syringe. The 
slightest clotting will prevent the clear separation of the white cell layer 
from red cells and thus will invalidate the results. 

Determine the hematocrit on 0.5 cc. of this blood. According to hema- 
tocrit reading select the appropriate special centrifuge hematocrit tube, and 
to it transfer by means of a capillary pipette the amount of blood between 10 
and 12 ec. needed to bring the white cell meniscus, after centrifuging, 
within the constricted stem of the tube. Cover with tin-foil. After the 
tube is centrifuged half an hour at high speed, the plasma is poured off and 
used for analysis of plasmaascorbicacid. This plasma keeps in the refriger- 
ator about 2 hours unchanged (10, 11). The tube is centrifuged again at 
high speed for 2 hours to complete separation of the buffy layer of white cell 
platelets from the red cells. The plasma is removed as completely as 
possible by means of a capillary pipette. 

While this centrifugation is taking place, the whole blood and plasma 
analyses can be completed. 

Whole Blood Analysis on 0.5 Cc. Sample—To 7.3 cc. of glass-distilled water 
in the Thunberg tube add 0.5 cc. of blood and 1 drop of caprylie alcohol. 
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The laked blood samples can be kept for many hours at room temperature or 
for as much as 24 hours in a refrigerator without reduction of the ascorbic 
acid. Place 0.2 ec. of 40 per cent HPO; in the overhang cup. Connect the 
two parts, using a small amount of Lubriseal to make the joint air-tight and 
the apposition such as to connect the side arm with the tube. Connect the 
side arm to the thick walled rubber tubing of the 2-way stop-cock leading 
alternately to the vacuum or the CO reservoir. Connect in such a way 
that the tube is at an angle of about 60° with the overhang bulb dependent. 
In this position the possibility of the acid splashing over into the laked blood 
during the evacuation is minimized. Evacuate the Thunberg tube 
for 1 minute and then fill with CO for 1 minute, shaking gently throughout 
the entire procedure. Repeat this alternate evacuation and filling with CO 
three times. With the tube filled with CO, turn the overhang cup to close 
the Thunberg tube. Disconnect the side arm from the 2-way stop-cock. 
Turn the overhang cup still further, so that it is directly above the side arm, 
and secure in this position by slipping a rubber band or “ty-on”’ over the 
neck of the overhang cup and around the tube. Mix the contents of the 
overhang cup and tube, drain to the tube, and centrifuge at medium speed 
for 3 minutes. After centrifuging, the precipitate should be bright red. 
The supernatant fluid is rapidly filtered through a No. 43 Whatman filter 
paper to remove any specks which may be floating on the surface. 

To 4 ce. of the filtrate in a colorimeter tube add 1 ec. of the buffered dye 
Solution A for macroanalysis. Mix, place the tube in a beaker of cool tap 
water, and illuminate with activating light for exactly 1 minute. Rapidly 
add 5 ec. of 0.1 N HCI delivered by blowing through a pipette with a large 
tip. Immediately discontinue the illumination, mix the contents by 
inverting the tube, and place the tube in a colorimeter having Filter 660 
and a 10 ec. aperture in a bakelite holder. The galvanometer reading is 
taken at once with the center setting? adjusted to read 100 with the dye 
completely decolorized. 

For the blank 1 cc. of the same buffered dye solution is added to 4 cc. of 
0.5 per cent HPO; in a colorimeter tube and treated as the blood filtrate 


above. 


(Log Gs — log Gb) K xX 100 


- — = mg. ascorbic acid 
0.25 X 1000 G- % ascend ack 


Calculation— 


where Gs is the galvanometer reading of the unknown filtrate, Gb is the reading of the 
dye-blank solution, and K is the constant of proportionality as given in Table I. 


? When the galvanometer reading is adjusted to 100 with a tube containing com- 
pletely reduced dye filtrate solution in place, the removal of the tube results in a 
galvanometer reading called the center setting. 
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Whole Blood Analysis on 0.2 Cc. Sample—To 5 cc. of glass-distilled water 
in the Thunberg tube deliver 0.2 cc. of capillary blood collected by skin 
prick in a Folin capillary pipette. Add 1 drop of caprylic alcohol. Place 
0.1 cc. of 40 per cent HPO; in the overhang cup, connect the apparatus and 
evacuate, saturate with CO, and centrifuge as described above. Using a 
4 cc. pipette with a tight cotton filter tip, withdraw slightly more than 4 cc. 
of the supernatant to the pipette, remove the cotton tip, adjust the meniscus 
to the 4 cc. mark, and deliver to the colorimeter tube. Add 1 cc. of buffered 
dye Solution B for microanalysis and illuminate as directed above for 1 
minute. Then rapidly add 1 ee. of 0.3 N HCl and discontinue the illumina- 
tion. The colorimetric analysis of unknown and blank is carried out as 
described except that the 6 ce. aperture in the bakelite holder is used. 
(Log Gs — log Gb)K X 100 


Mee < = sit . % ascorbic acid 
0.151 X 1000 mg. 7o ’ : 





Calculation— 


Whole Blood Analysis on 1 Cc. Sample of Blood Low in Ascorbic Acid 
Content—This procedure is limited to blood containing no more than 0.4 
mg. per cent of ascorbic acid. Within this limit, however, it provides 
conditions under which concentrations of 0.0, 0.1, 0.2, and 0.3 mg. per cent 
can be clearly distinguished and thus for blood of low concentration provides 
greater accuracy than the foregoing procedures. 

To 6.8 ec. of glass-distilled water in the Thunberg tube add 1 ec. of blood 
and 1 drop of caprylic aleohol. Place 0.2 ec. of 55 per cent HPO; in the 
overhang cup. Proceed with saturation, precipitation, filtration, and 
colorimetric assay as directed for the analysis of the 0.2 cc. sample. 


(Log Gs — log Gb)K X 100 


= mg. ascorbic acid 
0.5 X 1000 &- % sl ae 


Calculation— 
Plasma Analysis—The plasma proteins are precipitated from 0.5 cc. of 
plasma in 7.3 ec. of glass-distilled water by the addition of 0.2 cc. of 30 
per cent HPO;. 4 cc. of filtrate are treated with Solution A as in the pro- 
cedure for the corresponding amount of whole blood. 
(Log Gs — log Gb)K X 100 


Calculation— 025x100. = mg. % ascorbic acid 





If plasma is hemolyzed so that the acid precipitation would result in 
oxidation of ascorbic acid, the 0.5 ec. of plasma is added to 7.3 cc. of water 
in a Thunberg tube and the analysis carried on as directed in the analysis of 
0.5 ec. of whole blood. 

When the ascorbic acid content is low, the accuracy of the analysis may 
be increased by modifying the procedure as follows: The protein is pre- 
cipitated from 1 cc. of plasma in 6.8 ec. of water by 0.2 cc. of 40 per cent 
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HPO;. 4 cc. of filtrate are treated as directed in the analysis of 0.2 ce. 
of whole blood. 


(Log Gs — log Gb)K X 100 ees: 
ae Ererr > a = mg. % ascorbic acid 
0.5 X 1000 





Calculation— 


White Cell Platelet or Buffer Layer Analysis—After centrifuging the cells 
for 2 hours at high speed, remove as much plasma as possible by means of a 
capillary pipette. With a similar pipette transfer approximately 10 to 12 
mg. of the buffy layer of white cell platelets to a Pyrex centrifuge tube con- 
taining 0.5 cc. of glass-distilled water, which has been weighed with the 
water before the addition of the sample of buffy layer. The difference in 
the two weights gives the mg. of sample analyzed. The cells are laked and 
pulverized with a glass rod which is then rinsed with 4.5 ec. of glass-distilled 
water. If the analysis cannot be completed, the ascorbic acid will keep in 
this state 24 hours in the ice box. To precipitate the protein add 0.1 cc. of 
25 per cent HPO;. Shake the contents thoroughly and filter through a 
small filter. 4 cc. of the supernatant fluid are transferred to a colorimeter 
tube and treated as the filtrate in the analysis of 0.5 ec. of whole blood. 


Calculation— 
(Log Gs — log Gb)K X 100 
Mg. white cell platelet in 4 cc. fluid analyzed X 1000 


= mg. ascorbic acid per 100 gm. white cell platelets 


Results 


The data of Table I show the variation in the constant of proportionality, 
as the concentration of methylene blue varies, and thus the error observed 
in the analyses of solutions containing known amounts of ascorbic acid. 
For the analyses at the 10 cc. volume the range of 0.5 to 10.0 y of ascorbie 
acid analyzed corresponds to from 0.2 to 4.0 mg. of ascorbic acid per 100 
ec. of blood or plasma when procedures requiring 0.5 cc. samples are used 
for analysis. Thus the methylene blue concentration of 1.2 mg. per 100 ce. 
will provide a buffered dye solution suitable for the analysis of blood or 
plasma containing from 0.2 to 2.0 mg. of ascorbic acid per 100 cc. with an 
error probably no greater than +4 per cent. For the analyses at the 6 cc. 
volume the range from 0.25 to 5.0 y of ascorbic acid analyzed corresponds 
to from 0.17 to 3.3 mg. of ascorbic acid per 100 cc. of blood oy plasma when 
procedures requiring 0.2 cc. samples are used for analysis. A buffered dye 
solution containing 0.5 mg. per cent of methylene blue will, therefore, per- 
mit the analysis of samples containing from 0.2 to 1.3 mg. per cent of 
ascorbic acid with an error no greater than +5 percent. If 1 ec. of blood 
or plasma is used for analyses at 6 cc. volume, this concentration of buffered 
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dye solution will permit the analysis of samples containing from 0.05 to 0.4 
mg. per cent of ascorbic acid with an error no greater than +2 per cent. 
Hence, as stated above, the procedure for 1 cc. samples of whole blood 


TaBLe I 
Determination of Error of Colorimetric Procedure As Shown by Variation in 
Proportionality Constant, K*, in Analysis of Known Amounts of 
Ascorbic Acid When Buffered Dye Solutions of Different 
Methylene Blue Concentrations Are Used 





Methylene bluet per 100 cc. 





























Volume, ce ane 0.5 meg. | 1.2 mg. 1.6 mg. | 2.0 mg. 
S| s | Sele | S| Se 

ce y | | } 

10 | Blank | 69.0 | 55.5 | 44.0 | 34.5 

10 | 0.5 | 72.5 | 2% | | | 

10 1.0 | 75.5 | 26 | 60.5 | 24 | 

10 1.5 | 78.8 | 2 | | 

10 2.0 | 8.0 | 2 67.0 | 25 

10 2.5 | 88.0 24 71.3 24 | 55.8 | 25 42.8 26 

10 5.0 88.0 | 25 | 71.0 | 24 54.0 | 26 

10 7.5 | | 87.0 | 25 | 70.0 25 

10 | 10.0 | | | 85.0 26 
| 0.5 mg. | 0.67 mg. 1.0 mg 

6 | Blank | 60.3 52.0 | 41.0 

6 | 0.25 | 

6 | 0.50 | 65.0 15 56.0 16 44.0 | 16 

6 | 0.75 | | 

6 1.00 | 70.3 15 | 605 | 15 | 47.0 | 17 

6 1.50 | 77.0 4 | 50.3 | 17 

6 2.00 | 83.0 14 70.8 15 55.0 16 

6 2.50 | | 58.5 16 

6 5.00 | | | 80.0 17 





! ’ ' 





| 
| 


*Wh K micrograms ascorbic acid 
~~ (log Gs — log Gb) 
ascorbic acid solution and Gb is galvanometer reading of dye-blank solution. 
t The concentration of methylene blue in 1 ec. of buffered dye solution used in the 


analysis. 





and Gs is galvanometer reading of dye- 


should be used for the accurate analysis of blood containing under 0.4 mg. 
of ascorbic acid per 100 ce. 

The observations of Martini and Bonsignore (1) concerning the range of 
pH within which the reaction is optimal have been verified. Within the 
pH range of 4.0 to 4.7 the proportionality factors K for the procedures 
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described have been found to have a constancy within the limits of the 
experimental error of the method. At pH below 4 the velocity of the reac- 


TaBie II 
Comparison of Macro- and Microanalyses of Venous Whole Blood and Microanalyses 
of Simultaneously Obtained Capillary Whole Blood and Recovery by 
Macromethod of Ascorbic Acid Added to Whole Blood 


The results are expressed in mg. per 100 cc. 





Ascorbic Macroanalysis 








a rp Pe — nm Re al i 
laking a ition 
— —— —_—— — ee | 

T. H.. 0.2 | 0.2 

G... 0.5 | | 0.8 

a 0.8 0.8 

W.H 0.2 0.3 

ess 0.6 0.7 0.9 1.6 100 
Z. 0.6 0.8 0.9 3.7 100 
7 ae 1.2 1.3 0.9 2.3 100 
P.. 1.0 1.1 1.0 2.3 110 
a 1.2 1.3 0.8 2.1 100 

Taste III 


Stability of Ascorbic Acid in Samples of Laked Whole Blood and Samples of Laked 
White Cells and Platelets 


The results are expressed in mg. per 100 ce. 


, , , After standing 1 hr. After standing 24 hrs. 
. os etal 
Subject Immediate analysis at room temperature in tee Dae 


Laked whole blood 








F. 0.3 0.3 
K. | 0.4 | 0.4 
“ 1.4 1.4 
V. 1.75* | 1.75 

B. 1.60* 1.60 

T 1.15 1.10 

Laked white cells and platelets 

A 24.0 23.0 
8. 36.0 34.0 
M. 22.8 22.0 





* 1 mg. of ascorbic acid per 100 cc. of blood added. 


tion is decreased and above 4.7 the reaction is irregular and is not pro- 
portional to the concentration of ascorbic acid. Because the buffer capa- 
city of the final solution containing the buffered dye and HPQ; assures a 
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pH of between 4.3 and 4.5, error due to variation of pH is eliminated unless 
the reagents are not as specified. 

Under the conditions specified in the procedures, we have found that 
methylene blue is not reduced by glucose, lactic acid, pyruvic acid, oxalic 
acid, uric acid, glutathione, cysteine, and sodium thiosulfate. Lund and 
Lieck (2) have found that creatine, creatinine, urea, adenine, guanine, 
hypoxanthine, xanthine, and ergothioneine do not interfere with the reaction. 

The data of Table II show the agreement between macroanalyses of 
venous blood and microanalyses of venous and capillary blood. The data 
on recovery of ascorbic acid added to blood before laking with the glass- 
distilled water indicate that no loss of ascorbic acid occurs with the laking. 

The data of Table III show that the solutions of such laked cells render 
the ascorbic acid relatively stable. 

Attention has been called to the limitation of the concentration of plasma 
ascorbic acid as an index of the vitamin C nutrition of individuals whose 
plasma ascorbic acid is low (12). The determination of the ascorbic acid 
content of 0.2 cc. of capillary blood provides a convenient means of defining 
further the vitamin C nutritional state, as the concentration of whole blood 
includes the ascorbic acid content of the platelets and white blood cells. 


SUMMARY 


Methods are described for the analysis of the ascorbic acid content of 
whole blood, plasma, and the layer of white cell platelets of centrifuged 
oxalated blood by means of a photosensitized reaction with methylene blue. 
They are both more accurate and specific for the determination of ascorbic 
acid on small samples of blood than are the commonly used indophenol 
procedures and thus permit of more accurate microprocedures. Satisfac- 
tory analyses can be obtained with 0.2 cc. of capillary whole blood. 
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A PHOTOELECTRIC METHOD FOR THE DETERMINATION OF 
PEPTIC ACTIVITY IN GASTRIC JUICE 


By BENJAMIN C. RIGGS ano WILLIAM C. STADIE 


(From the Gastrointestinal Section (Kinsey-Thomas Foundation) of the Medical Clinic 
of the Hospital and the John Herr Musser Department of Research Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, August 6, 1943) 


The need for a rapid, accurate method for the determination of peptic 
activity of gastric juice from clinical cases prompted the development of the 
method here reported. Procedures dependent upon chemical analysis, such 
as that of Anson and Mirsky,' are too time-consuming, while the widely 
used clinical method in which Mett’s tubes are employed requires incuba- 
tion for 24 hours and as a rule is not sufficiently accurate. 

In principle, the method depends upon the use of a substrate consisting 
of a standardized, homogenized suspension of coagulated egg white. When 
acted upon by pepsin, the turbidity decreases with time. It is assumed that 
the amount of protein digested in unit time is proportional to this decrease 
in turbidity, and since turbidity can be measured by means of a photoelec- 
tric colorimeter, the peptic activity of the system can thus easily be deter- 
mined. Since peptic hydrolysis of protein follows a monomolecular course, 
and since within limits its velocity constant is a function of the concentra- 
tion of pepsin, it is convenient to express peptic activity as a velocity 
constant. 


EXPERIMENTAL 


Substrate—A fresh hen’s egg is boiled for 10 minutes and the coagulated 
white is washed free of membrane and yolk and mashed in a mortar. With 
5 ml. of water added per gm., the mash is passed through a homogenizer® 
several times. (With instruments of the Elvehjem type 2 drops of caprylic 
alcoho! per 100 ml. may be needed to prevent foaming.) The volume is 
doubled with distilled water, homogenization is repeated, and the product 
is centrifuged at 1500 to 1800 r.p.m. for 15 minutes. After the removal of 
any surface film the supernatant homogenate is analyzed for total nitrogen 
and diluted to contain 0.5 mg. per ml. (which will usually mean approxi- 
mately doubling the volume). Merthiolate is added to give a concentration 
of 1:10,000. Substrates thus prepared and stored below 10° have given 
reproducible results for 2 months. 


1 Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 16, 59 (1933). 
? An inexpensive, satisfactory instrument is carried by the Fisher Scientific Com- 
pany, Pittsburgh, under the name of “laboratory homogenizer.” 
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Standard Turbidity Curve—The relation of turbidimetric readings to 
protein concentration in the standard substrate is obtained as follows: With 
Filter 42 (blue-violet) for the Klett-Summerson instrument, a reading is 
taken of a 1:1 dilution of substrate in distilled water. With this as 100 per 
cent, the readings of eight to ten increasing dilutions are plotted against 
their respective percentage concentrations and a smooth curve is drawn 
through the points thus obtained. On the logarithmic scale of the Klett- 
Summerson apparatus the curve is nearly rectilinear, as shown in Fig. 1. 
If the same instrument is used, subsequent batches of substrate may be 
adjusted to give the same 100 per cent reading as the first, thus eliminating 


READING 
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0510 20 30 40 50 60 70 8 
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Fic. 1. Reading-concentration curve for a Klett-Summerson photoelectric color- 
imeter with a No. 42 filter. 100 per cent represents the concentration of substrate 
used in the digestion mixture. 


further nitrogen determinations. The original curve will also be found to 
apply. 

Buffer Solution—This consists of 0.2 nN hydrochloric acid and 0.2 N (or 
0.067 m) sodium citrate in the proportion 4:1. When diluted with substrate 
and distilled water to the concentration used in the digestion mixture, the 
pH is approximately 1.6. Sodium phosphate and hydrochloric acid in 
suitable proportions can as well be used. 

Gastric Juice—The specimens are centrifuged at about 1500 r.p.m. for a 
minimum of 5 minutes and the relatively homogeneous middle layer is used 
for analysis. Because of the appearance of particles of food following the 
use of most test meals and variations in gastric emptying time, it is sug- 
gested that fractional drainage following insulin or histamine stimulation 
be employed. One of the authors (B. C. R.) has obtained satisfactory 
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results using 1 unit of insulin* per 10 pounds of body weight. Specimens 
are collected every 10 minutes for 50 minutes. The insulin is given intra- 
venously and the test is concluded with the introduction through the 
stomach tube of about 100 ml. of a 50 per cent solution of Karo syrup, 
which has been found to counteract successfully any symptoms of hypo- 
glycemia. 

Specimens of gastric juice have been found to retain their activity without 
appreciable change for 12 hours at room temperature or for 48 hours if 
refrigerated immediately. 


Procedure 


A constant temperature water bath is set at 30° + 0.1°. For preparation 
of the blank 1 ml. of the specimen is diluted with 4 ml. of the buffer and 5 
ml. of distilled water and read in the colorimeter. Since the turbidity of 
gastric samples is often a function of pH, the buffer is added to reproduce 
the pH of the digestion mixture. 

Two acid-cleaned tubes are set up, a colorimeter Tube A and a test-tube 
of similar size, Tube B. In Tube A are placed 5 ml. of the substrate and in 
Tube B are placed exactly 1 ml. of the centrifuged specimen and 4 ml. of the 
buffer. Both tubes are set in the water bath. When temperature equilib- 
rium is reached (a minimum of 5 minutes), the contents of Tube B are 
poured into Tube A, the mixture into Tube B, and back to Tube A which is 
replaced in the water bath immediately. The time is taken at the begin- 
ning of the mixing, which should occupy 8 to 10 seconds. At 30 seconds the 
tube is placed in the colorimeter, read at exactly 1 minute, and replaced in 
the bath. It is again removed at 5} minutes and read at exactly 6 minutes. 
If in the case of a very weak specimen the concentration of undigested sub- 
strate is reduced by less than 10 per cent, the tube is replaced in the bath 
and the final reading is taken at some multiple of 5 minutes after the first, 
such as 30 minutes. Time is measured to within 2 seconds, the outsides of 
the tubes being dried carefully before mixing and before each reading. 


Calculations 


Since under the conditions of the assay protein hydrolysis follows a 
monomolecular course, the equation expressing the velocity of the hydroly- 
sis is dC/dt = kC. C is the relative concentration of protein at the time ¢ 
and k is the velocity constant, indicating the proportion of protein hydro- 
lyzed per minute. On integration between two time limits 4, and t the 
velocity equation becomes k = 1/(t — t;) X 2.3 log C,/C2. 


* Generously supplied by Eli Lilly and Company. 
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The two readings, after subtraction of the blank, are converted from the 
concentration curve to percentages of undigested substrate. If C; and C, 
are the values of these percentages at 1 and 6 minutes respectively, then the 
velocity constant is by substitution k = 2.3/5 log C,/Cs = 0.46 log C1/C,4.4 
For the longer time intervals used with weak specimens, the result is divided 
by the multiple of 5 minutes between readings. 

DISCUSSION 

That the monomolecular velocity equation is followed under the condi- 

tions of the assay is shown in Fig. 2. The concentration of protein in the 
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Fic. 2. Hydrolysis of. a standard suspension of coagulated egg white by 0.2 per 
cent of Merck’s granular pepsin at pH 1.6 and 30°. For the rectilinear part of the 
curve, k = 1/t 2.3 log Co/C, = 0.152. 


standard substrate in the presence of 0.2 per cent of Merck’s granular pepsin 
was determined every 30 seconds. The plot of the values of 2.3 log Co/C; 
against time is rectilinear after the Ist minute. The slope of the line is k. 
The reasons for the non-linearity of the lst minute of the curve are not 
known. It is possible that the substrate is not completely homogeneous 
and the rate of hydrolysis of the smallest particles may be governed by 
factors not operating in the remainder of the substrate. The mechanical 
process of mixing is also a probable factor, since the length of this initially 
rapid period is not materially altered by extreme dilution of the enzyme, 
and is varied widely by variations in the time and method of mixing. In 


‘ A nomogram converting the values of the two readings directly into k values has 
been found convenient and may be obtained upon request from the authors. 
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practice, therefore, the initial concentration is measured at 1 minute. Fur- 
thermore, as might be anticipated, the curve falls off when observations are 
carried beyond 70 per cent of complete digestion. The determinations are 
therefore reliable only if completed below this limit, which has been the case 
with all human gastric samples thus far encountered. Fig. 2 also shows 
that within the limits defined above two readings will, give sufficient 
accuracy for most purposes. 

With a constant amount of enzyme the velocity constant of the reaction 
was found to increase rapidly with increasing dilution of the:substrate. This 
was to be expected, since the substrate became relatively more saturated 
with the enzyme. The concentration specified in the method was selected 
independently of this fact in order to utilize the most accurate range of the 
colorimeter. Within this range, however, closely reproducible results 


TaBLe I 
Degree of Reproducibility Possible in Determinations 
on Same Solution of Crystalline Pepsin 
The solution of crystalline pepsin contained approximately 0.08 mg. per ml. of 
pepsin nitrogen. The same batch of substrate was used in all. 














Determination No. Velocity constant & Per cent deviation from mean 
1 | 0.0842 1.32 
2 0.0824 0.84 
3 | 0.0828 0.36 
4 0.0824 0.84 
5 | 0.0838 0.72 
rath .vs. oi oR 0.0831 0 








have been obtained with variations up to 5 per cent in the substrate 
concentration. 

The effect of inhibiting substances may be minimized by working with 
dilute solutions of the enzyme— indeed consistent determinations were made 
in the range of 1 to 10 y of one commercial preparation of crystalline pepsin’ 
with a 24 hour observation period. However, the desirability of a rapid 
method led to the selection of a concentration of gastric juice such that the 
determination can usually be completed in 6 minutes. The variability 
under these circumstances remains within 3 per cent. The reproducibility 
with crystalline pepsin is illustrated by Table I. 

It was found that a variation of about 0.3° produced a maximum variation 
of about 4 per cent in the velocity constants at approximately 30°. This 


5 Plaut Research Laboratories, Lehn and Fink Products Company, Bloomfield, 
New Jersey. . 
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temperature was selected because it was found to lie in the range most 
conveniently controlled during the manipulations. 

Variations in k due te pH changes from 1.4 to 1.8 were found to be less 
than 5 per cent. However, a buffer is used, because, since the protein 
substrate is insoluble, it does not itself function as a buffer. 

The concentration of an enzyme is usually expressed in terms of some ar- 
bitrary unit, for it is rarely possible to determine the concentration in terms 
of weight. Moreover, the conditions of the assay must also be definitely 
specified. We have selected the velocity constant of the monomolecular 
hydrolysis of a standard protein homogenate determined under strictly 
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Fic. 3. Velocity constants of peptic hydrolysis with successive dilutions of Lehn 
and Fink crystalline pepsin, dialyzed until sulfate-free and undialyzed. In each case, 
100 per cent is equivalent to approximately 0.5 mg. of pepsin nitrogen. 


defined conditions as a convenient unit of peptic activity because it has 
certain advantages: (1) The velocity constant appears in the equation 
expressing the measured hydrolysis and hence requires no further definition. 
(2) It has physicochemical meaning, since it gives the proportion of the 
protein being hydrolyzed at any instant. (3) It is a function of the concen- 
tration of the enzyme. This is demonstrated in Fig. 3, where k is plotted 
against increasing concentrations of pepsin. We found, however, that k is 
not a rectilinear function of the concentration of crystalline pepsin. The 
almost exact coincidence of the two curves in this figure, although the 
dialyzable impurities have been removed in one preparation, seems to 
eliminate these impurities as an important factor in this connection. Our 
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results differ from those of Anson and Mirsky,’ who by their method found 
a rectilinear relation between pepsin concentration and peptic activity. 
This non-linearity, however, is no real handicap to the use of the method 
for clinical purposes, since k still serves even at high levels as a sufficiently 
accurate measure of peptic activity. 


TaB.e II 
Gastric Analysis 30 Minutes after Intravenous Insulin Stimulation 


The ten patients were selected at random from the hospital wards, with no evi- 
dence of digestive disease. Acidity is measured by the glass electrode method. 











: | Gastric analysis 

.? Sex | Age Color Diagnosis es 

| | pH | ik 

| yrs. | | 
wes | 20 White | Orchiopexy 2.77 | 0.202 
so | | Negro | Inguinal hernia 2.30 | 0.114 
3] | 35 | “| “ “ 7.14 | 0.000 
4 - 35 | White | Knee injury 2.01 | 0.251 
5 nel Tok x5 | Hemorrhoids 6.08 | 0.130 
Baer «| Neurasthenia 1.89 | 0.006 
7 | F. | 52 | Negro | Carcinoma of vulva 7.14 | 0.288 
es | 37 | me | Myoma uteri, preoperative 1.55 | 0.325 
9 | « | 57 | en ‘« postoperative 2.09 | 0.212 
i * | 39 White Finger infection 2.13 | 0.225 





TaBLe III 
Fractional Gastric Analysis after Intravenous Insulin Stimulation 


The subject was a 43 year-old white male with a healed gastric ulcer, receiving no 
medication. The flow of juice ceased after 30 minutes. 








Specimen time | Volume pH Pepsin k 
min. after insulin mi. 
Fasting 13 7.40 0.005 
10 5 6.49 0.048 
20 13 5.96 0.027 
30 3 0.015 
40 0 














However, determinations made on the highly active juice from Pavlov 
pouches® showed so rapid a decrease in turbidity that it was necessary to 
use 1 ml. of a 1:4 dilution of the specimen. Under these circumstances the 
k values varied from 0.15 to 0.30. Extrapolation of the curve in Fig. 3 


* Kindly supplied by Dr. M. H. F. Friedman, Jefferson Medical College, Phila- 
delphia. 
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shows that these results cannot simply be multiplied by the factor of the 
dilution to be comparable with the & values obtained from human speci- 
mens. This is a distinct limitation of the method, although if the same 
dilution is used in all specimens from a given source the results will be 
comparable for that source. 

No attempt has been made to relate k to units of measurement obtained 
by other methods. If such a relationship is desired, it could easily be ob- 
tained by comparison of an activity-concentration curve such as that of 
Fig. 3 with a similar activity-concentration curve obtained by any other 
method. 

In the presence of regurgitated bile sufficient to give marked coloration, 
the substrate has occasionally been observed to flocculate during the diges- 
tion, making it necessary to repeat, or even discard the determination. The 
other most frequently met sources of error, in the order of their apparent 
importance, are variations in the time and method of the manipulations— 
particularly the mixing, cleanliness of the glassware, and errors in reading 
the colorimeter due to imperfect timing. 

Tables II and III show the results of single analyses 30 minutes after 
insulin stimulation and one fractional analysis after insulin stimulation. 
These values are given merely as an orientation of the values that may 
be expected, and do not imply a level of normality. Further study on the 
clinical application of the method is being made by one of the authors 
(B. C. R.). 


SUMMARY 


A method for the estimation of peptic activity is described which com- 
bines rapidity with accuracy, and is particularly adapted to clinical studies. 

Enzyme activity is measured photoelectrically as the decrease in tur- 
bidity of a standardized, homogenized suspension of coagulated egg white 
under specified conditions. Accurate measurement is possible down to a 
level equivalent to 1 y of crystalline pepsin. 

Protein hydrolysis so measured follows a monomolecular course and 
hence the enzyme activity is expressed as a velocity constant. 

The velocity constant is a curvilinear function of pepsin concentration 
and serves throughout the range encountered clinically as a convenient 
measure of the peptic activity of gastric samples. 

Representative clinical results are given. 
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THE SYNTHESIS AND PROPERTIES OF NINHYDRIN UREIDE 


By DONALD D. VAN SLYKE anv PAUL B. HAMILTON 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, August 4, 1943) 


Evidence that ninhydrin (triketohydrindene hydrate) combines with 
urea was first noted by Van Slyke, Dillon, MacFadyen, and Hamilton (1) 
who observed that CO, evolution by spontaneous hydrolysis of urea at 100° 
in buffered water solutions at pH 2.5 and 4.7 was retarded by the presence 
of ninhydrin. It was concluded that combination of ninhydrin with urea 
must occur to form a compound which at 100° evolves CO, more slowly than 
does urea. In the present work the formation of a stable ninhydrin-urea 
compound has been confirmed by its preparation in crystalline form. The 
conditions for obtaining maximal combination of urea with ninhydrin have 
been studied. 

The ureide obtained is a colorless crystalline substance, CyHjO;Noe, 
formed by combination of 1 molecule of ninhydrin with 1 of urea. It is 
somewhat soluble in hot alcohol or glacial acetic acid, insoluble in chloro- 
form. It can be recrystallized from 10 parts of hot water. The product 
readily loses 7.6 per cent of water in vacuo at 56°, yielding CyHsO.Nao, 
which melts with decomposition at 216-217° (uncorrected). _Whether the 
loss is of water of crystallization or is due to anhydride formation has not 
been, determined. 

At room temperature in water solution the ureide does not show measur- 
able quantitative reactions for urea, such as hydrolysis with urease (2) or 
decomposition with hypobromite (3). When heated in water solution, the 
ureide slowly undergoes partial degradation or hydrolysis with evolution of 
CO,. Free urea can be demonstrated with urease, and the CO, may origi- 
nate from heat hydrolysis of this urea. Some ninhydrin also appears to be 
set free at 100°. The possibility of other degradation products has not been 
excluded. 

The ability of ninhydrin to combine with urea is of practical utility when 
it is desired to remove urea in order to prevent its interference with the 
determination of other substances. The use of ninhydrin in this manner 
preliminary to determination of the amino acids in blood filtrates has been 


described by the writers (4). 
EXPERIMENTAL 


Synthesis of Ninhydrin Ureide—16 mm, 2.84 gm., of ninhydrin and 32 
mM, 1.920 gm., of urea were dissolved in 80 ec. of 0.1 N sulfuric acid and 
471 








472 NINHYDRIN UREIDE 
gently boiled under a reflux for 15 minutes. On cooling in the ice box, 
2.798 gm. of crystalline product separated. The product was redissolved 
with warming and allowed to crystallize slowly from 10 parts of water, and 
the crystals were collected on a Buchner funnel, washed with cold water, and 
dried in vacuo at room temperature over calcium chloride. The finely 
pulverized crystals contained 7.6 per cent water, which was removed by 
drying in vacuo at 56° for 30 minutes. No further loss occurred in vacuo 
at 110° in 4 hours. 

When the well pulverized crystals were heated in a melting point tube at 
the rate of 1° rise in 3 seconds, the slight darkening observed to begin at 
180° became very marked at 214°, and the substance decomposed sharply 
with effervescence at 216-217° (uncorrected). 


CyHsO.N2. Calculated. C 54.6, H 3.64, N 12.76 
Found. “54.45, “ 3.83, 12.60 


Properties of Ninhydrin Ureide—At room temperature in aqueous 0.01 
N sulfuric acid (pH 2) the ureide is stable, giving no reaction with alkaline 
hypobromite or with urease. 

Aliquot portions of a 0.94 percent solution of the dried crystalline ureide 
(C,o9HsO.N:) were dissolved in 0.01 N sulfuric acid with warming to 60°. The solution 
was cooled to room temperature and 5 cc. aliquots treated with alkaline hypobromite 
as for quantitative urea analysis (3). No measurable amounts of nitrogen were 
evolved. Similarly 5 cc. aliquots of the same solution were analyzed for free urea 
with urease as in quantitative urea analysis by this procedure (2). No measurable 
amounts of CO: were evolved. 


When the ureide is heated at 100° in aqueous solution at pH 2, slow evolu- 
tion of CO, takes place. In Fig. 1 moles of CO, evolved per mole of ureide 
from a 0.94 per cent solution of the latter (42.6 mm) at pH 2 are plotted as 
ordinates against time of heating as abscissae. Contrary to most reactions, 
the rate of CO, evolution increased with time. The lag may be ex- 
plainable by the requirement of more than an hour for dissociation of 
the ureide at 100° to approach its maximum. The observation most 
pertinent to the present study is that the ureide evoives very little CO, 
during the first 30 minutes of heating, being only about 1 per cent of the 
CO, evolved from an equivalent amount of free urea under the same 
conditions. 

Some evidence that urea and ninhydrin are also products of its degrada- 
tion at 100° was obtained by treating solutions of the ureide heated at 100° 
for 60 minutes at pH 2 with urease, alkaline hypobromite, and excess amino 
acid. 

Aliquot portions of a 0.94 per cent solution of the ureide were heated in 0.01 N 
sulfuric acid (pH approximately 2) at 100° for 60 minutes, then cooled quickly to 20°, 
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and 5 cc. aliquot portions were treated with alkaline hypobromite (3) and with urease 
(2). Nitrogen was evolved to an extent of 2.1 per cent of the nitrogen of the ureide, 
and with urease CO, was evolved to an extent of 5.6 per cent of the urea in the ureide. 
To other aliquot portions of the same solution a large excess of pure a-alanine was 
added and the solution heated at 100° for a period of 20 minutes. Evolved CO; was 
measured as in the ninhydrin-CO, method (1) and found to be equivalent to about 30 
per cent of that evolved by free ninhydrin under similar conditions. 


The evidence here presented would seem to indicate that the ureide does 
in fact dissociate into its initial components and that the reaction is there- 
fore a reversible one. The data do not, however, suffice to prove this 
possibility, owing partly to lack of precise quantitative relationships and 
partly to the specificity of some of the methods employed. No attempt has 
been made to isolate the products of degradation or hydrolysis. 
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Fic. 1. Rate of evolution of CO, from ninhydrin ureide heated at 100° 


Retarding Effect of Ninhydrin on Evolution of CO, from Urea at 100° 


Urea, 1.285 mg. per cc. (21.4 mm), was dissolved in an aqueous solution of 0.5 per 
cent picric acid adjusted to pH 2.0 (glass electrode) with NaOH, simulating in picric 
acid content and pH the blood and plasma filtrates used by Hamilton and Van Slyke 
(4) for amino acid determinations. Portions of 5 cc. of the solution were pipetted 
into all-glass reactions vessels ((4) Fig. 1, A) and varying weighed amounts of nin- 
hydrin were added to give the concentrations, 10, 20, and 40 mg. per cc. (56, 112, and 
224 mo), indicated on the curves of Fig. 2. The vessels were evacuated as described 
for filtrate analyses (4) and were immersed in a vigorously boiling water bath (100°) 
for the varying lengths of time indicated. They were then cooled in cold water and 
the CO, formed was determined as described by these authors (4). 


From the shape of the curves of Fig. 2 it can be seen that the effect of 
ninhydrin in retarding CO, formation from urea is not great for the Ist 
minute but increases progressively till at the end of 20 minutes the rate of 
CO, evolution falls to a rate which varies inversely approximately as the 
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square of the ninhydrin concentration. This rate in the presence of 1, 2, 
and 4 per cent concentrations of ninhydrin was 0.17, 0.05, and 0.01, re- 
spectively, as great as in the absence of ninhydrin. That ninhydrin takes 
some time to exert its full effect in depressing the rate of CO, formation is 
attributable to the fact that this interval of time is necessary for combina- 
tion of ninhydrin and urea to approach its maximum. 

Even after 20 minutes, slow evolution of CO, continues and is com- 
patible with the supposition that formation of the ureide is a reversible 


0.072 
0.068 
0.064 
0.060 —+— ——— 
0.056 











5 wd 5 O03 wD 0 4 DO 55 & 
Minutes at 100° 


Fic. 2. Rate of evolution of CO; from urea heated at 100° in 0.5 per cent picric 
acid solution, pH 2, and in the presence of concentrations of ninhydrin varying from 
0 to 40 mg. per cc. The symbols O, X, A indicate results of separate experiments. 


reaction, and that at 100° measurable dissociation of the urea from the 
ureide occurs unless a large excess of ninhydrin is present. When the 
ninhydrin concentration is 40 mg. per cc., evolution of CO, is depressed 
almost to zero, as indicated by the nearly horizontal bottom curve of Fig. 2. 


Velocity of Combination of Ninhydrin and Urea at Different Temperatures 


The velocity of combination of ninhydrin and urea was investigated at 
26°, 47°, 61°, and 75° to determine the most practicable conditions of time 
and temperature for the elimination of free urea from solution. 
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At eaeh temperature a series of test-tubes was charged with 5 cc. each of 0.01 N 
H,SO,, followed by weighed samples of urea and ninhydrin to give concentrations of 
9.90 and 222 mM (3.96 per cent) respectively. The mixtures were incubated at the 
above temperatures with continuous rocking. After 1, 2,3, and 4 hour intervals the 
tubes were removed from the rocker and their contents transferred to the Van Slyke- 
Neill manometric gas chamber where the uncombined urea was determined with 


alkaline hypobromite (3). 


In Fig. 3, the per cent of urea remaining uncombined with ninhydrin is 
plotted as ordinates against the time of incubation as abscissae for the 
temperatures indicated on each of the family of curves. 
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Fic. 3. Per cent of urea uncombined with ninhydrin plotted as ordinates against 
time of incubation in minutes at 26°, 47°, 61°, and 75° as abscissae. 


The data obtained in these experiments form the basis upon which 
Hamilton and Van Slyke (4) have fixed conditions to prevent interfer- 
ence by urea when amino acids in blood filtrates are determined by the 


ninhydrin-CO, method. 
Possibility of Condensation of Ninhydrin with Amino Groups of Amino Acids 


The effect of ninhydrin in making completely labile the CO, of the car- 
boxy! groups of a-amino acids, but not of other organic acids, is the basis of 
the specificity of the ninhydrin-CO, analytical method for free a-amino 
acids (1). Ninhydrin transforms the amino acid to some intermediary 
product in which the carboxyl group is labile. In view of the instability of 
a-keto acids, one might have assumed the labile intermediary to be a keto 
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acid, formed by oxidizing the CH(NH,) group to CO; this asswmption 
would have been consistent with the fact that the end-product from 
R-CH(NH,)-COOH is the aldehyde, R-CHO. Nevertheless it appears 
that the a-keto acid is not an intermediary, because pyruvic acid has been 
found by us to evolve its carboxyl CO, only about 0.1 as rapidly as alanine 
under the influence of ninhydrin. The combination of 1 mole of nin- 
hydrin with 1 mole of urea suggests that ninhydrin reacts similarly with 
the NH, groups of the a-amino acids, and that the combination may la- 
bilize the carboxyl group. That condensation occurs with the NH group 
of proline and hydroxyproline has been shown by Grassmann and von 
Arnim (5). We have tried to isolate the intermediary hypothetical con- 
densation product of alanine, but the solubility and instability of the 
product have thus far prevented its isolation. 


SUMMARY 


Ninhydrin and urea combine to form a stable crystalline ureide of the 
composition C;oHiO;Ne, 1 mole of urea combining with 1 mole of ninhydrin 
without loss of water. The compound readily loses 1 mole of water at 56° 
to form a substance of the composition CjoHsQ.No2. 

From the velocity of the combination conditions have been defined which 
enable one to remove urea from solution nearly quantitatively by formation 
of the ureide. 
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THE ANALYSIS OF EIGHT AMINO ACIDS BY A 
MICROBIOLOGICAL METHOD* 


Sirs: 

The authors’ microbiological method is based on the production of lactic 
acid by Lactobacillus arabinosus 17-5 in a synthetic medium composed of 
amino acids, dextrose, adenine, guanine, uracil, sodium acetate, mineral 
salts, and vitamins. The composition of the authors’ medium, which was 
a modification of that employed by Pollack and Lindner,' and the amino 
acid requirements of Lactobacillus arabinosus have recently been reported 
by one of us.? 


Experimental L Data from. Microbiological « Assa y of Eight Amino Acids 








Deviation 
Amino acid® Grade | Limiting | Amomt | Ame | seme, 
reported 
mg. mg. | mg. per cent 
SS eo eee C.P. 40-100 44.5 42+ 2 —4 
ee A.P. 40-100 | 100.1 95+ 2 —5 
dl-Methioninef. sie atogk eel a 40-100 39.7 | 4142 1)| +3 
l(—)-Leucinef. . s eidncretias pact - 100-175 | 150.2 | 150+ 3}; -0.2 
dl-Valinef. . oe Te - 100-175 | 125.3 | 12444 4 ~] 
l(+)- Glutamic acidt. e- + - 200-400 351.5 | 358+ 15 | +2 
CN a> ee C.P. 200-400 199.8 | 187+ 20 | —6 
l(-—) -Tryptophanef... a ” 40-100 68.6 71+ 1| +4 
dl-Lysine monchydrochleride?.. A.P. 101.3 | § 
N=). Tupesing®.......00.<+...-- «“ 49.8 | § 
dl-Phenylalaninet............... e J 79.5 | § 








* The optical forms listed were used as standards and unknowns. 
+ Obtained from Amino Acid Manufactures. 

t Obtained from Merck and Company, Inc. 

§ Results inconsistent. 


Quantities of eleven c.P. or analytically pure grade amino acids ranging 
from approximately 50 to 350 mg. were weighed accurately and mixed. 


* The authors are indebted to B. Brockway and C. Conlin for technical assistance. 
1 Pollack, M. A., and Lindner, M., J. Biol. Chem., 148, 655 (1942). 
? Shankman, S., J. Biol. Chem., 160, 305 (1943). 
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The mixture was assayed for each of eight amino acids by means of standard 
microbiological techniques. In order to save materials and time, which 
would have been required to ascertain levels of amino acids, the assayist 
was informed of the limiting weights of each amino acid in the mixture. 
The quantity of each amino acid present in the mixture was estimated from 
the titration data and standard curves for lactic acid production at varying 
levels of each of the eight amino acids. The experimental data and the 
results of the analysis are shown in the table. 

It may be observed that the average deviation of the quantities of amino 
acids found differed from that of the amino acids present by 3.2 per cent. 
It was concluded that the accuracy of this analysis compares favorably with 
that of other microbiological assays. It is evident, also, that the authors’ 
assay procedure is rapid, convenient, and dependable. It seems probable 
that comparable procedures for the assay of other amino acids can be found 
and that there are many types of investigations in which amino acids can be 
analyzed satisfactorily by microbiological methods. 

S. SHANKMAN 


Max 8S. Dunn 
Louis B. Rusin 


Wm. T. Thompson Company 
Los Angeles 

Chemistry Department 
University of California 
Los Angeles 


Received for publication, August 7, 1943 
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OBSERVATIONS WITH P® OF THE CHANGES IN THE ACID- 
SOLUBLE PHOSPHATES IN THE LIVER COINCIDENT TO 
ALTERATIONS IN CARBOHYDRATE METABOLISM 


Sirs: 
Recent studies in this laboratory with radioactively labeled phosphorus 
on the acid-soluble phosphates of liver have yielded interesting information 
regarding the phosphate cycle in the intact animal. We wish to report 
findings which indicate the marked influence of insulin and of glucose ad- 
ministration on the phosphate compounds of liver. 
Distribution of Labeled P in Acid-Soluble Phosphates of Liver 


P of adenosine 


Treatment nae Tou Inorganic eetisoel bn gan ‘on Reside 

soluble ’ Nes- ppt. P . 

| Labile | iabile | 

Controls fasted 12 hrs. 10 177 77.6 | 11.7|) 3.3) 20.2) 44.0) 28.6 
+12.6; +8.3 | +2.9| 42.4) +5.1) +5.1) +4.5 
Glucose (300-400 mg.intra- | 10 204.0' 56.6 | 49.0) 12.8 24.6 25.4) 12.9 
peritoneally) +14.2) +7.5 | +7.2} +3.3) +3.8 +3.1 +3.8 
Insulin (4 units intraperi- 8 244.3) 92.5 | 41.5) 15.6) 21.4 26.2) 14.5 
toneally) +19.2 +9.6 | +8.1) +4.0 +5.6 +7.6 +3.1 
Glucose + insulin (injected 6 262.0 83.4 | 64.5) 16.2) 25.0 22.7) 20.2 
amounts same as above) +18.3 +8.0 +6.8) +2.8) +9.0 +6.7 +3.5 











The analyses were carried out on rats sacrificed 110 minutes after administration 
of NasHPO, labeled with P**. All values are in per cent of administered dose X< 
10 of the labeled P per 100 gm. of fresh liver. The measure of variability is the mean 
deviation from the mean. 

* This fraction contains nucleotides other than adenosine triphosphate. 

t This fraction consists largely of glycerol phosphate but it also contains some 
hexose monophosphates. 

t This fraction consists largely of phosphoglyceric acid. 


Rats weighing about 200 gm. were fasted for a period of 12 hours, given 
the treatment shown in the table, and then injected intraperitoneally with 
trace doses of Na2sHP*Q,.!. The animals were sacrificed at varying time 
intervals and the acid-soluble phosphate constituents were fractionated and 
analyzed for radioactivity. The distribution of radioactive phosphorus in 
the various acid-soluble fractions of the liver 110 minutes after administra- 
tion of the phosphate is summarized in the table. 

A maximum in the P* concentration of the total acid-soluble phosphates 


1 The chemical symbol with an asterisk is used to represent an element labeled 
with radioactive isotope. 
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was usually attained at about 110 to 120 minutes. Glucose administration 
caused a marked alteration in the time relations of the labeled phosphate 
distribution. The peak in the radioactivity of the labile P of adenosine 
triphosphate of the animals given glucose occurred at 110 minutes after the 
injection of P*, whereas the peak in the control group was at 200 minutes. 
The peak in the radioactivity of the non-labile P of the adenosine triphos- 
phate was similarly reduced from 250 to 110 minutes. The peak in the 
radioactivity of the P of the alcohol and the residual fractions was increased 
in time by glucose administration from 110 to 210 and 245 minutes re- 
spectively. 

The data of the table show that both glucose and insulin produce an 
increase in the adenosine triphosphate P* and a decrease in the residual 
and aleohol P*. Insulin induces a marked rise in the total acid-soluble and 
inorganic P*. This confirms previous findings of Nelson and coworkers® 
that insulin causes a shift of phosphate from serum to liver. Insulin and 
glucose administered together produce a significantly greater increase in the 
radioactivity of the labile P of adenosine triphosphate than either does 
alone. 

It was found that the injection of malonate, phlorhizin, or sodium fluoride 
prevented the rise in the labile P* of adenosine triphosphate following 
administration of glucose; iodoacetate was without effect. The dietary 
state of the animal was also found to have a profound influence on the dis- 
tribution of the radioactive phosphate. 

These results illustrate the importance of the réle played by the organo- 
phosphates in the metabolism of the liver in vivo. 

Division of Biochemistry NATHAN KAPLAN 

University of California Medical School Davip M. GREENBERG 

Berkeley 
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GLUTAMINE AS SOURCE MATERIAL OF URINARY AMMONTA 


Sirs: 


Nash and Benedict! in 1921 showed that ammonia excreted in the urine 
is formed in the kidneys. The source material has been in dispute; at 
first it was believed to be urea, then amino acids. 

Dogs have been prepared with kidneys explanted by the technique of 
Rhoads,? which renders it possible without anesthesia to draw blood from 
the renal vein by skin puncture. The renal blood flow was estimated from 
the creatinine excretion by the principle of Van Slyke, Rhoads, Hiller, and 
Alving.’ The cc. of renal blood flow per minute were calculated as (mg. 
of creatinine excreted per minute) /(mg. removed from 1 cc. of renal blood). 
The amount removed from renal blood was calculated as the difference in 
creatinine content per cc. between arterial and renal venous bloods. From 
the renal blood flow thus obtained and the arterio-renal-venous differences 
of other substances, such as urea and a-amino nitrogen, the amounts of 
such substances removed from the blood by the kidneys per minute could 
be calculated. 

All the urea thus found to be removed from the blood by the kidneys was 
excreted unchanged in the urine. Even when the ammonia excretion was 
made greater than the urea, by giving HCl and a low protein diet, none of 
the urea extracted from the blood by the kidneys was used to make am- 
monia. The same was true of adenosine and adenylic acid. Of a-amino 
N,‘ sometimes none was removed from the blood by the kidneys and some- 
times small amounts, inadequate to provide nitrogen for the ammonia 
excreted. 

The amide nitrogen of glutamine, demonstrated by one of the writers® 
in blood, was removed from the blood plasma in much greater amounts than 
appeared in the urine; the excess sufficed to provide (a) the ammonia re- 
moved from the kidney via the renal vein' and (b) 60 per cent or more of 
the ammonia excreted in the urine. Administration of glutamine to a dog 
in hydrochloric acid acidosis markedly increased the ammonia excretion. 
Depressing the ammonia excretion by changing from hydrochloric acid 
acidosis to bicarbonate alkalosis was accompanied by a corresponding 
decrease in removal of glutamine from the renal blood. The glutamine 


1 Nash, T. P., Jr., and Benedict, S. R., J. Biol. Chem., 48, 463 (1921). 
2 Rhoads, C. P., Am. J. Physiol., 109, 324 (1934). 
* Van Slyke, D. D., Rhoads, C. P., Hiller, A., and Alving, A. S., Am. J. Physiol., 
109, 336 (1934). 
‘Hamilton, P. B., and Van Slyke, D. D., J. Biol. Chem., 160, in press (1943). 
5’ Hamilton, P., J. Biol. Chem., 146, 711 (1942). 
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analyses were duplicated by two methods: (1) measuring the decrease in 
a-amino N caused by heating at pH 6.5;5 (2) measuring the NH; formed by 
action of a glutaminase prepared by one of the writers (R. M. A.) from 
kidney tissue. In some experiments in which the amount of glutamine 
amide nitrogen removed from the blood did not suffice to account for all 
of the urinary ammonia, the small amounts of a-amino N removed sufficed 
to make up the difference. Some results indicating the relation between 
glutamine and ammonia are given in the table. 


Glutamine Preformed NHs-N in blood 





Condition Renal blood | Urine ammonia amide N 
plasma flow N removed from 
renal blood Arterial Renal venous 
ce. per min. mg. per min. mg. per min. meg. per 100 cc. mg. per 100 cc. 
Acidosis 245 0.562 0.33 0.02 0.10 
268 0.605 0.39 0.02 0.10 
262 0.615 0.41 0.04 0.10 
Alkalosis 178 0.005 0.02 0.034 0.075 
200 0.004 0.02 0.039 0.075 


191 0.004 0.04 0.042 0.063 


It appears that the data reported provide the first direct evidence by 
experiments in vivo of a physiological function of glutamine in animals. 


Hospital of The Rockefeller Institute Donautp D. Van SLYKE 


for Medical Research, New York Rosert A. PHILLIPS 
Paut B. HaMILToNn 


REGINALD M. ARCHIBALD 
PaLtmMerR H. FutTcHer 
AutMA HILLER 
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A RAPID METHOD OF ESTIMATING N'!-METHYLNICOTIN- 
AMIDE IN URINE* 


Sirs: 


Having established that N'-methylnicotinamide is the chief excretion 
product of nicotinic acid metabolism in human urine,':* we have made a 
large number of determinations employing a modification of Najjar and 
Holt’s method described elsewhere in this Journal.! Although the method 
is quite simple, the time required for the laborious preparation and washing 
of the zeolite columns limits its usefulness. A number of trials have shown 
that without any appreciable sacrifice in accuracy the adsorption on and 
elution from the zeolite columns may be omitted and the fluorescent sub- 
stance determined directly in butanol extracts of the urine, literally in a 
few minutes. This direct method is particularly applicable to saturation 
or tolerance tests after a dose of nicotinic acid or of its amide. 

The urines in such tests are best diluted 10-fold with 25 per cent KCl 
solution. To a 10 ml. aliquot of the diluted urine in a test-tube, made 
alkaline with 2 or 3 drops of 10 N NaOH solution, 0.5 gm. of Lloyd’s reagent 
is added, the contents mixed for 1 minute by inversion, centrifuged for 2 
to 3 minutes, and the supernatant fluid decanted. This procedure was 
shown to destroy completely the fluorescence of N'-methylnicotinamide, 
without affecting the other pigments of urine which are not adsorbed at the 
alkaline pH. Hence this proved to give the best blank values we have 
been able to obtain so far. An aliquot of 1 to5 ml. of the diluted urine con- 
taining 3 to 15 y and simultaneously an equal volume of the blank prepared 
as above are placed in 125 ml. separatory funnels, extracted with n-butanol, 
and the fluorescence measured exactly as described in our previous article. 

In the table are given values for N'-methylnicotinamide in urines of six 
patients, collected for 14 hours after an oral dose of 500 mg. of nicotinamide. 
When compared, the figures obtained by fluorescence analyses directly 
and after adsorption on and elution from permutit show substantial 
agreement. 

“Trigonelline” values are included for comparison; these were obtained 
by the older colorimetric method* and include both the betaine trigonelline 
and N!-methylnicotinamide. These figures and other data on hand indi- 


* Aid for grants in support of this investigation from the Nutrition Foundation, 
Inc., the John and Mary R. Markle Foundation, and the Duke University Research 
Council is gratefully acknowledged. 

1 Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 160, 395 (1943). 

? Sarett, H. P., J. Biol. Chem., 160, 159 (1943). 

* Perlzweig, W. A., Levy, E. D., and Sarett, H. P., J. Biol. Chem., 136, 729 (1940). 
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cate that in human urine N'-methylnicotinamide comprises practically all 
of the methylated nicotinic acid previously determined and designated as 
trigonelline. It should also be noted that since trigonelline does not affect 
the fluorescence measurement, it is not necessary to omit trigonelline- 
containing foods (coffee, legumes) when nicotinic acid excretion tests are 
conducted by the above method. 





Subject No. Direct method Permutit method “Trigonelline’’ method 

> per mi. y per mi. per mi. 
1 41 | 41 | 47 
2 39 | 40 39 
3 40 48 47 
4 113 127 117 
5 106 109 106 
6 


45 45 41 


The direct method is also applicable to urines of subjects not receiving 
nicotinic acid other than dietary. ‘Thus in three normal subjects urines 
collected 2 hours after breakfast gave the following N'-methylnicotinamide 
fluorescence values obtained by the direct and permutit methods, in micro- 
grams per ml.: 6.0 and 5.75, 10.6 and 10.0, 6.0 and 5.9, respectively. In 
urines with a much lower concentration, 0 to 2 y per ml., the values become 
quite uncertain, regardless of the method employed, and may be useful 
only for comparative purposes. Such urines are analyzed directly without 
dilution. 


Department of Biochemistry Jesse W. Hurr* 
Duke University School of Medicine WiuiuiaM A. PERLZWEIG 


Durham, North Carolina 
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EFFECT OF GLUTAMIC ACID ON THE FORMATION OF 
ACETYLCHOLINE* 


Sirs: 


Recent investigations suggest that the release of acetylcholine (ACh) 
is intrinsically connected with the potential of the nerve action.' The 
release and breakdown of ACh are but the first step in a chain of reactions, 
the “‘acetylcholine cycle,” as has been shown in experiments on the electric 
organ of Electrophorus electricus.2, ACh is resynthesized by the free energy 
of phosphocreatine, adenosine triphosphate (ATP) acting as the inter- 
mediate link asin muscle. As a result of these findings, an enzyme, choline 
acetylase, was isolated from brain, which in the presence of ATP in cell-free 
solution and under anaerobic conditions synthesizes ACh.* 

On dialysis, the activity of choline acetylase decreases rapidly (Nach- 
mansohn and Machado). Whereas in the original extracts 40 to 80 y of 
ACh are synthesized per gm. in 90 minutes, only 4 to 6 y of ACh are formed 
after a dialysis of 2 hours. 

Clinical observations suggest that glutamic acid has a favorable effect 
on epileptic patients suffering from petit mal attacks, whereas patients with 
grand mal appear to be not affected.‘ On the hypothesis that the slow 
waves which appear in the electroencephalogram during attacks of petit mal 
may in some way be connected with a lowered rate of ACh formation, the 
effect of glutamic acid has been tested on ACh synthesis in dialyzed extracts 
of rat brain. (For the experimental procedure, see Nachmansohn and 
Machado.’) 

Addition of the naturally occurring /(+)-glutamic acid to dialyzed ex- 
tracts in 2 X 10-? M concentration increases the rate of formation of ACh 
by about 4 to 5 times. At 1 X 10~ Mm concentration, the increase is about 
3to4times. d(—)-Glutamic acid has a small effect. The effect of glutamic 
acid is stronger than that of other amino acids tested so far. /(+-)-Aspartic 
acid and dl-serine have no effect. dl-Alanine and dl-methionine and glu- 
tamine increase the rate of formation of ACh about twiee at a concentration 
of 2 10-°m. Of some other dicarboxylic acids tested, no effect was found 


* This study was aided by grants from the Josiah Macy, Jr., Foundation, the 
Dazian Foundation for Medical Research, and the Joshua Rosett Research Fund. 

1 Nachmansohn, D., Cox, R. T., Coates, C. W., and Machado, A. L., J. Neuro- 
physiol., 6, 499 (1942). Fulton, J. F., and Nachmansohn, D., Science, 97, 569 (1943). 

2 Nachmansohn, D., Cox, R. T., Coates, C. W., and Machado, A. L., J. Neuro- 
physiol., in press. 

3 Nachmansohn, D., and Machado, A. L., J. Neurophysiol., in press. 

4 Price, J. C., Waelsch, H., and Putnam, T. J., J. Am. Med. Assn., 122, 1153 (1943). 
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with /-malic, malonic, and a-ketoglutaric acids, whereas succinic acid in- 
creases the rate about twice. In view of the action of succinic acid, citric 
acid has been tested. This tricarboxylic acid increases the rate of ACh 
formation in dialyzed extracts about 4 to 6 times. 

The question arises whether glutamic acid or citric acid or similar com- 
pounds are coenzymes of choline acetylase forming part of that enzyme 
system. The action of these naturally occurring compounds on ACh 
formation appears of interest, especially in view of the clinical effect ob- 
served with one of them in disorders of nervous function. 


Departments of Neurology and Biochemistry D. NACHMANSOHN 
College of Physicians and Surgeons H. M. Joun 
Columbia University HEINRICH WAELSCH 


New York 
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oO 
Organic compound(s): Identification, 
small amounts, distribution studies, 
Craig, 33 
Oxidase: d-Amino acid, amino acids and, 
equilibrium relation, Stadie and 
Zapp, 165 


Oxygen: Carbon monoxide-, bone mar- | 
row, Pasteur effect, study by, War- | 


ren and Carter, 267 


P 


Pasteur effect: Bone marrow, carbon | 


monoxide-oxygen in study, Warren 
and Carter, 267 
Pepsin: Gastric juice, activity, deter- 
mination, Riggs and Stadie, 463 


Peptidase: Amino-, chick embryo, Levy | 


and Palmer, 271 
Phenol(s): Blood, determination, ether 


| Ribonuclease: 


extraction, Schmidt, 69 | 


Phenylenediamine: o-, d-glucosamine, 
reaction, Lohmar and Link, 
Phosphatase: Adenosinetri-, tissue, de- 
termination, DuBois and Potter, 185 


Phosphate (s): Acid-soluble, liver, carbo- 


351 | 


hydrate metabolism and, radioactive | 


phosphorus in study, Kaplan and 
Greenberg, 479 
Phospholipid(s): Blood plasma, forma- 


tion site, radioactive phosphorus in | 


study, Fishler, Entenman, 
gomery, and Chaikoff, 47 
Formation site, hepatectomy effect, 
radioactive phosphorus in study, 


Mont- | 
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Fishler, Entenman, Montgomery, and 
Chaikoff, 47 
Phosphorus: Radioactive, liver phos- 
phates, acid-soluble, carbohydrate 
metabolism and, use in study, Kap- 

lan and Greenberg, 479 

—, phospholipid formation, site, study 
with, Fishler, Entenman, Montgom- 
ery, and Chaikoff, 47 
Potassium: -Low diet, blood cells, red, 


cations, effect, Hegnauer, 353 
— —, muscle cations, effect, Heg- 
nauer, 353 


Propionic acid: Liver glycogen, radio- 
active isotope in study, Buchanan, 
Hastings, and Nesbett, 413 

Protein(s): Detergents, synthetic, and, 
complex formation, Putnam and 
Neurath, 263 

-Thymus nucleate mixtures, colloid 
osmotic pressure, Greenstein, 107 

Pyridine: Diphospho-, nucleotide, stabil- 
ity, tissue, Jandorf, 89 

Pyridoxine: Determination, Neurospora 
use, Stokes, Larsen, Woodward, and 
Foster, 17 


R 


Respiratory enzyme(s): Tissue, deter- 
mination, DuBois and Potter, 185 
Riboflavin: Blood regeneration, effect, 
Spector, Maass, Michaud, Elvehjem, 
and Hart, 75 
Crystalline, ribonucleic 
acid hydrolysis by, mononucleotides, 
isolation, Loring and Carpenter, 381 
Ribonucleic acid: Mononucleotides from, 
hydrolysis by ribonuclease, crystal- 
line, Loring and Carpenter, 381 
Ribose: d-, identification as benzimidazole 


derivatives, Dimler and Link, 345 

Ss 
Seedling(s): Etiolated, amide metab- 
olism, Vickery and Pucher, 197 


Serine: Dehydrase, nature, Binkley, 
261 
Spermidine: Escherichia coli growth, 
atabrine and, effect, Silverman and 
Evans, 265 
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Squash: See also Cucurbita pepo 

Steroid(s): Excretion, adrenocortical 
carcinoma, Hirschmann, 363 

Stomach: See also Gastric juice 


T 


Thiamine: Determination, microbiolog- 

ical, Niven and Smiley, 1 

Thymus: Nucleate-protein mixtures, col- 
loid osmotic pressure, Greenstein, 

107 

Tyrosine: Alkaptonuria, effect, bbott 

and Salmon, 339 


U 


Urease: Jack bean, canavanine removal, 
Archibald and Hamilton, 155 
Ureide: Ninhydrin, synthesis and proper- 
ties, Van Slyke and Hamilton, 471 
Uricase: Activation, cysteine effect, 
Scheer and Scheer, 359 


Urine: Amino acids, determination, nin- | 
| 


| 


hydrin-carbon dioxide method, Van 
Slyke, MacFadyen, and Hamilton, 
251 


| 
| 








| 


INDEX 


Urine—continued: 

Ammonia, glutamine as source, Van 
Slyke, Phillips, Hamilton, Archibald, 
Futcher, and Hiller 481 

Inulin determination, photometric, mi- 
cro, Ranney and McCune, 311 

N'!-Methylnicotinamide, Huff and 
Perlzweig, 395 

—, determination, Huff and Perlzweig, 

483 

Nicotinic acid metabolite, Huff and 
Perlzweig, 395 

— —, N-methyl deter- 
mination, Sarett, 159 


Vv 


Vetch: See also Vicia atropurpurea 
Vicia atropurpurea: Seedlings, etiolated, 
asparagine and glutamine formation, 
Vickery and Pucher, 197 
Vitamin(s): A, eggs, diet effect, Alm- 
quist, Mackinney, and Mecchi, 99 
B,. See also Riboflavin 
B, deficiency, chick, arginine, glycine, 
and cystine effect, Briggs, Luckey, 
Elvehjem, and Hart, ll 


derivatives, 
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